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PREFACE 
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Simmons,  and  Dr.  E.  R.  Brown.  This  report  was  written  by  Dr.  Brown. 

COL  Tilford  C.  Creel,  CE,  was  Commander  and  Director  of  WES  during 
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CONVERSION  FACTORS,  U.  S.  CUSTOMARY  TO  METRIC  (SI) 
UNITS  OF  MEASUREMENT 


U.  S.  customary  units  of  measurement  used  in  this  report  can  be  converted 
to  metric  (SI)  units  as  follows: 


Multiply 


Fahrenheit  degrees  5/9 

inches  2.54 

kips  (force)  per  square  inch  6.89^ 

pounds  (force)  per  square  inch  6894.757 


To  Obtain 


Celsius  degrees  or  Kelvins 
cent imetres 


pounds  (mass) 


6.894757  kilograms 
14.757  pascals 

0.4535924  kilograms 


To  obtain  Celsius  (C)  temperature  readings  from  Fahrenheit  (F)  read¬ 
ings,  use  the  following  formula:  C  =  (5/9)(F  -  32).  To  obtain  Kelvin 
(K)  readings,  use:  K  =  (5/9)  (F  -  32)  +  273.15. 


EVALUATION  OF  PROPERTIES  OF  RECYCLED 
ASPHALT  CONCRETE  HOT  MIX 


PART  1 :  INTRODUCTION 


Background 


Since  asphalt  pavement  recycling  became  popular  in  the  mid  1970' s, 
the  pavement  recycling  industry  has  grown  tremendously.  Because  the 
price  of  asphalt  binder  and  high-quality  aggregate  has  continued  to  rise 
in  recent  years,  recycling  which  makes  use  of  existing  in  place  mate¬ 
rials  has  become  an  economical  approach  to  pavement  rehabilitation. 

Pavement  recycling  is  generally  subdivided  into  three  main  cate¬ 
gories  (22):* 

1.  Surface  recycling. 

2.  Cold  recycling. 

3.  Hot  recycling. 

Surface  recycling  which  modifies  the  surface  of  an  existing  asphalt 
concrete  pavement  includes  such  processes  as  rejuvenating,  cold  milling, 
and  heater-planing-scarifying.  Rejuvenating  is  a  process  which  consists 
of  spraying  an  asphalt  surface  with  a  material  that  penetrates  into  the 
asphalt  concrete  and  improves  the  properties  of  the  asphalt  binder  by 
increasing  the  penetration  and  decreasing  the  viscosity  of  the  binder. 

Cold  milling  has  been  used  as  one  phase  of  all  three  recycling  proc¬ 
esses.  One  form  of  surface  recycling  consists  of  milling  an  existing 
slick  surface  to  improve  the  surface  texture,  thus  improving  skid  resis¬ 
tance.  The  material  removed  from  the  surface  can  be  used  to  produce 
recycled  cold  mix  or  recycled  hot  mix.  The  cold  milling  machine  is  also 
used  to  reclaim  deteriorated  asphalt  concrete  pavements  for  use  in  cold 
and  hot  recycling  projects. 

Heater-planing  involves  heating  the  surface  of  an  existing  asphalt 
concrete  pavement  and  planing  it  to  a  desired  grade.  Some  heater-planers 


*  Numerals  in  parentheses  refer  to  corresponding  items  in  the  References 
section  at  the  end  of  the  main  text. 


use  open  flames  to  heat  the  existing  pavement,  while  others  use 
indirect  heat.  After  the  pavement  surface  is  heated,  a  grader  is  gen¬ 
erally  used  to  remove  the  desired  thickness  of  material  from  the  sur¬ 
face.  Usually  one  pass  with  the  heater  and  grader  can  remove  1/4  to 
1/2  in.*  (6.4  to  12.8  mm)  of  material.  The  heater-planer  has  tradition¬ 
ally  been  used  to  plane  roads  and  airfield  pavements  to  a  desired  grade 
prior  to  an  overlay  to  minimize  the  overall  average  thickness  of  the 
overlay,  but  the  cold  milling  machine  is  now  generally  used  in  place  of 
the  heater-planer  since  it  provides  better  grade  control  and  causes 
fewer  air  quality  problems. 

Heater  scarification  involves  heating  the  surface  of  a  pavement  and 
scarifying  to  a  depth  of  approximately  3/4  in.  (19.0  mm)  and  is  generally 
used  in  conjunction  with  an  overlay  to  minimize  the  number  and  severity 
of  reflective  cracks.  A  rejuvenator  or  an  asphalt  emulsion  is  usually 
added  to  the  scarified  material,  and  the  material  is  compacted  prior  to 
or  immediately  following  the  addition  of  an  overlay. 

Cold  recycling  which  can  be  performed  in  place  or  at  a  central  plant 
consists  of  pulverizing  and  sizing  portions  of  an  existing  pavement 
generally  with  a  cold  milling  machine,  adding  a  binder,  then  mixing, 
placing,  and  compacting.  For  design  purposes,  the  cold  recycled  mixture 
is  usually  considered  equal  in  quality  to  asphalt-stabilized  base  course. 

In  hot  recycling  an  existing  asphalt  concrete  pavement  is  removed, 
mixed  with  new  aggregate  and  asphalt  cement  and/or  recycling  agent,  and 
then  placed  and  compacted  to  fonn  a  high-quality  asphalt  concrete.  Re¬ 
cycled  hot  mix  is  produced  at  a  central  plant  and  is  generally  con¬ 
sidered  equal  in  quality  to  conventional  dense-graded  asphalt  concrete. 

This  study  is  limited  to  the  testing  and  evaluation  of  hot  recycled 
mixtures.  Since  hot  mix  recycling  has  only  become  popular  since  the  mid 
1970's,  actual  field  performance  data  are  limited;  therefore,  a  need 
exists  to  develop  the  capability  to  predict  the  performance  of  these  hot 
recycled  mixtures.  Little  and  Epps  have  shown  that,  structurally,  re¬ 
cycled  mixtures  are  equal  to  conventional  mixtures  (49).  Though  their 
work  did  not  cover  all  aspects  of  performance,  initial  information 


A  table  of  factors  for  converting  U.  S.  customary  units  of  measurement 
to  metric  (SI)  units  is  presented  on  page  3. 


indicates  recycled  mixtures  to  be  structurally  equal  to  conventional  mix¬ 
tures.  Other  limited  laboratory  testing  programs  (35,  50,  66,  67)  have 
been  conducted  to  determine  the  durability,  water  susceptibility,  low 
temperature,  and  fatigue  properties  of  recycled  mixtures.  Recycled 
mixtures  have  been  tested  favorably  for  these  properties,  but  more  de¬ 
tailed  information  concerning  these  and  other  properties  of  recycled 
mixtures  is  needed. 

Several  terms  used  throughout  this  study  need  to  be  identified  at 
this  point.  "Reclaimed  asphalt  pavement"  (RAP)  refers  to  the  existing 
asphalt  mixture  that  is  removed  and  mixed  with  new  aggregates  and  new 
asphalt  binder  to  form  the  recycled  mixture.  "Recycled  mixture"  de¬ 
scribes  the  hot  mixture  that  is  obtained  by  mixing  RAP,  new  aggregate, 
and  new  asphalt  binder.  "Conventional  mixture"  describes  the  hot  mixture 
obtained  by  mixing  new  aggregate  and  new  asphalt  cement. 


Objectives  of  this  Study 

This  study  was  conducted  to  evaluate  the  fatigue  resistance,  dura¬ 
bility,  low  temperature  properties,  and  water  susceptibility  of  recycled 
asphalt  mixtures.  The  specific  objectives  of  this  study  include: 

1.  The  evaluation  of  the  durability,  water  susceptibility,  low 
temperature,  and  fatigue  resistance  properties  of  recycled  and  conven¬ 
tional  mixtures. 

2.  The  extension  of  the  laboratory  data  and  data  from  the  BISAR 
layered  elastic  computer  program  to  predict  relative  performance  of  two 
typical  pavement  sections  using  recycled  and  conventional  mixtures. 

Scope  of  Work 

To  satisfy  the  objectives  of  this  study,  an  experiment  was  designed 
to  prepare  and  test  six  recycled  asphalt  concrete  mixtures  and  two  con¬ 
ventional  mixtures  (Fig.  1).  Samples  of  old  asphalt  pavements  for  pre¬ 
paring  these  recycled  mixtures  were  obtained  from  three  locations.  Two 
new  aggregates,  two  asphalt  binders,  and  a  recycling  agent  were  also 
obtained  for  preparing  the  conventional  and  recycled  mixtures. 

Mixtures  were  prepared  and  tested  for  Marshall  stability,  resilient 
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modulus,  indirect  tensile  strength,  water  susceptibility,  and  fatigue 
resistance.  The  data  were  analyzed  to  show  differences  between  labora¬ 
tory  properties  of  conventional  and  recycled  mixtures.  Tests  were 
conducted  on  the  combined  asphalt  binder  used  to  produce  these  mixtures 
to  determine  penetration,  softening  point,  specific  gravity,  ductility, 
viscosity,  and  rolling  thin-film  oven  test.  The  effect  of  the  asphalt 
binder  properties  on  performance  of  the  asphalt  concrete  mixtures  was 
determined . 
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PART  II:  LITERATURE  SURVEY 


Hot  Mix  Recycling 


Mix  Design 

The  Marshall  procedure  (26)  and  the  Hveem  procedure  (16)  are  commonly 
used  to  design  hot  mix  asphalt  concrete.  Many  states  in  the  western 
United  States  use  the  Hveem  design  procedure;  most  other  states  use  the 
Marshall  procedure.  In  addition,  the  Federal  Aviation  Administration 
(FAA)  and  military  services  use  the  Marshall  design  procedure. 

The  mix  design  procedures  that  have  been  used  to  design  recycled 
mixtures  are  similar  to  procedures  used  for  designing  conventional  mix¬ 
tures;  however,  additional  testing  is  required  when  designing  recycled 
asphalt  concrete  mixtures  to  ensure  that  the  properties  of  the  combined 
asphalt  binder  are  satisfactory. 

The  Marshall  design  procedure  discussed  below  was  used  in  conducting 
all  mix  designs  for  this  study.  This  mix  design  procedure  for  conven¬ 
tional  mixtures  consists  of  the  following  steps: 

1.  Select  satisfactory  asphalt  cement. 

2.  Select  satisfactory  aggregate  type  and  aggregate  gradation. 

3.  Select  proper  asphalt  content  for  anticipated  traffic. 

4.  Evaluate  properties  of  design  mixture  to  ensure  minimum  require¬ 
ments  are  met. 

The  asphalt  cement  type  is  selected  to  provide  satisfactory  perfor¬ 
mance  in  the  climatic  conditions  in  which  use  is  anticipated.  For 
example,  the  Southwest,  which  experiences  high  temperatures  during  the 
summer,  might  use  an  AC-20  or  AC-40,  while  the  North,  which  experiences 
moderate  temperatures  in  the  summer  but  very  low  temperatures  in  the 
winter,  might  use  an  AC-5  or  AC-10.  A  grade  of  asphalt  cement  is 
selected  that  will  provide  the  needed  stability  to  the  asphalt  concrete 
in  the  summer  months  and  provide  the  needed  flexibility  in  the  winter 
months.  Once  the  grade  of  asphalt  cement  is  selected,  the  properties  for 
that  particular  penetration  or  viscosity  grade  are  specified  (4,  13). 

The  past  performance  of  asphalt  mixtures  in  a  particular  area  is  the 
best  guide  for  selecting  a  specific  grade  of  asphalt  cement. 

Selection  of  a  satisfactory  aggregate  is  critical  in  obtaining 
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satisfactory  performance  of  an  asphalt  concrete  mix.  Aggregate  specifi¬ 
cations,  which  vary  considerably  from  state  to  state  and  within  the 
Federal  Government,  generally  include  requirements  for  gradation,  Los 
Angeles  abrasion,  crushed  faces,  flat  and  elongated  count,  and  soundness 
test  (26).  The  best  procedure  for  evaluating  potential  performance  of 
aggregate  is  to  investigate  the  past  in-service  performance  of  the 
aggregate  type  under  similar  loading  conditions  and  climate. 

The  optimum  asphalt  content  is  selected  to  provide  asphalt  mixture 
properties  which  will  ensure  satisfactory  performance.  Two  efforts  of 
compaction  have  been  established  to  produce  a  density  in  the  laboratory 
equal  to  field  density  after  traffic.  It  has  been  shown  that  the  50-blow 
compactive  effort  produces  a  density  similar  to  field  densities  under 
traffic  with  low-pressure  tires  (28),  while  the  75-blow  compactive  effort 
produces  a  density  similar  to  field  densities  under  traffic  with  high- 
pressure  tires  (19,  27). 

After  a  compactive  effort  has  been  determined,  samples  are  prepared 
at  various  asphalt  contents  starting  on  the  low  side  of  optimum  and 
ranging  up  to  the  high  side  of  optimum.  Properties  of  the  asphalt 
mixtures  such  as  unit  weight,  stability,  flow,  voids  in  the  total  mix¬ 
ture,  and  voids  filled  with  asphalt  are  used  to  evaluate  the  mixture 
quality  at  each  asphalt  content  and  to  select  the  optimum  asphalt  con¬ 
tent.  The  mix  design  is  determined  to  select  an  asphalt  content  that 
provides  sufficient  stability  of  the  mixture  in  the  high  summer  tempera¬ 
tures  and  flexibility  of  the  mixture  in  the  low  winter  temperatures. 

The  same  mix  design  procedures  discussed  above  are  used  with  re¬ 
cycled  mixtures;  however,  additional  tests  must  be  conducted  to  measure 
the  properties  of  the  combined  asphalt  binder  (21).  This  procedure 
involves  recovering  the  asphalt  binder  from  the  asphalt  mixture  (6,  7) 
and  testing  this  recovered  asphalt  binder  for  consistency.  The  penetra¬ 
tion  (5)  and  viscosity  (3)  tests  are  useful  in  determining  the  consis¬ 
tency  and  quality  of  asphalt  binders.  Depending  on  the  consistency  of 
the  asphalt  binder  in  the  existing  pavement,  the  proper  asphalt  cement 
and/or  recycling  agent  is  selected  as  an  additive  to  provide  satisfactory 
mix  properties  and  asphalt  binder  properties  in  the  designed  recycled 
mixture . 

The  Hvoem  method  of  mix  design  has  the  same  requirements  for  asphalt 


cement  type  and  aggregate  quality  as  the  Marshall  design  method.  This 
mix  design  procedure  also  has  a  requirement  for  voids  in  the  mixture  sim¬ 
ilar  to  the  Marshall  design  procedure  requirements.  Two  major  differ¬ 
ences  between  the  Marshall  and  Hveem  mix  design  procedures  are  the  method 
specified  for  compacting  samples  and  the  method  of  measuring  stability 
(8,  25).  The  Hveem  method  specifies  a  kneading  compactor  for  compaction, 
while  the  Marshall  procedure  specifies  an  impact  compactor.  Stability 
measured  by  the  Marshall  method  is  a  measure  of  load  required  to  cause 
failure  of  a  sample,  whereas  stability  measured  by  the  Hveem  method  is  a 
measure  of  response  to  a  given  nondestructive  load.  Both  methods  of  mix 
design  should  result  in  selection  of  similar  optimum  asphalt  contents. 

The  additional  tests  to  ensure  satisfactory  combined  asphalt  properties 
in  a  recycled  mixture  are  the  same  for  the  Hveem  and  Marshall  design 
procedures . 

Construction 

Since  the  mid  I970's,  the  construction  of  hot  mix  recycled  asphalt 
concrete  pavements  has  been  well  documented.  The  Federal  Highway  Admin¬ 
istration  has  sponsored  a  number  of  demonstration  projects  in  various 
states  that  have  provided  a  wealth  of  knowledge  on  hot  mix  recycling  (18, 
31,  40,  41,  48,  62,  70).  Many  other  agencies  have  sponsored  construction 
projects  that  have  provided  published  data. 

The  drum  mixer  and  batch  plants  have  generally  been  used  to  produce 
recycled  hot  mix  (15).  The  drum  mixer  mixes  the  reclaimed  asphalt  pave¬ 
ment,  new  aggregate,  and  new  asphalt  cement  and/or  recycling  agent  in  a 
drum  to  produce  the  recycled  mixture.  New  aggregate  which  is  added  at 
the  high  end  of  the  drum  prevents  the  flame  from  coming  in  direct  contact 
with  the  RAP.  The  RAP  is  added  near  the  midpoint  of  the  drum  followed  by 
the  addition  of  the  recycling  agent,  if  used,  and  the  new  asphalt  cement. 

Another  type  of  drum  mix  plant  that  is  used  for  hot  mix  recycling  is 
the  drum- in-a-drum  plant.  In  this  plant,  the  new  aggregate  and  RAP  are 
added  at  the  high  end  of  the  drum;  however,  the  new  aggregate  enters  an 
inner  drum  through  which  the  flame  is  fired  while  the  RAP  enters  into  the 
outer  drum  and  does  not  come  in  contact  with  the  flame.  The  new  asphalt 
cement  or  recycling  agent  is  then  added  at  approximately  the  midpoint  of 
the  drum. 

Drum  mixers  have  been  used  successfully  to  produce  many  tons  of 


recycled  hot  mix  for  roads  and  airfields.  Some  problems  that  have  oc¬ 
curred  include  the  emission  of  blue  smoke  from  the  stack  and  the  develop¬ 
ment  of  small  chunks  of  the  RAP  that  were  not  broken  up  completely  in  the 
mixing  process  causing  some  minor  tearing  of  the  mat  surface  during  place¬ 
ment.  These  problems  have  been  minor,  not  significantly  affecting  the 
quality  of  mixture,  and  have  been  solved  with  little  difficulty. 

Batch  plants  have  been  modified  and  used  on  a  number  of  jobs  to 
satisfactorily  produce  recycled  hot  mix  (15,  20,  22).  This  process  of 
producing  recycled  mixtures  inside  a  batch  plant  is  sometimes  referred  to 
as  the  Maplewood  or  Minnesota  process  (42).  The  modification  of  the 
batch  plants  usually  consists  of  adding  a  hopper  to  store  the  RAP,  adding 
a  belt  to  feed  the  RAP  into  the  weigh  bin  of  the  plant,  constructing  an 
opening  in  the  side  of  the  plant  to  feed  the  RAP  into  the  weigh  bin,  and 
adding  controls  in  the  plant  control  room  to  regulate  the  amount  of  RAP 
added  to  each  batch.  In  this  process,  the  new  aggregate  after  being 
heated  in  the  dryer  to  500-600°F  comes  in  contact  with  the  RAP,  new  as¬ 
phalt  cement,  and  recycling  agent  (if  used)  in  the  pugmill  and  transmits 
its  heat  to  the  other  materials.  The  new  asphalt  cement  is  generally 
heated  to  approximately  300°F  prior  to  mixing,  resulting  in  a  mixture 
temperature  of  260-290°F  as  needed.  The  problems  that  occur  when  pro¬ 
ducing  recycled  mixture  in  a  batch  plant  are  similar  to  those  that  occur 
with  a  drum  mixer;  however,  the  amount  of  blue  smoke  emitted  from  a  batch 
plant  is  usually  less  than  that  emitted  from  a  drum  mixer. 

The  amount  of  RAP  that  can  be  used  in  a  recycled  mixture  is  limited 
by  the  type  of  plant  being  used  and  the  quality  of  the  materials  being 
recycled.  The  drum  mixer  can  produce  recycled  mixtures  with  up  to 
100  percent  RAP;  however,  because  of  air  quality  problems,  use  of 
100  percent  RAP  is  not  practical.  To  properly  modify  the  properties  of 
the  RAP,  a  significant  amount  of  new  asphalt  cement  and/or  recycling 
agent  and  new  aggregate  usually  must  be  added  to  the  recycled  mixture. 

This  requirement  limits  the  amount  of  RAP  that  can  be  incorporated  into 
a  recycled  mixture  to  a  practical  upper  limit  of  60  percent. 

When  a  batch  plant  is  used  to  produce  recycled  mixture,  the  amount 
of  RAP  is  limited  to  approximately  50  percent  which  requires  the  new- 
aggregate  to  be  heated  to  approximately  600°F  to  produce  a  recycled  mix¬ 
ture  at  the  desired  temperature.  When  more  than  50  percent  RAP  is  used. 
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Hot  recycled  mixtures  designed  by  various  mix  design  procedures  have 
been  tested  by  laboratories  throughout  the  United  States  to  determine 
fatigue  resistance,  water  susceptibility,  creep,  indirect  tensile 
strength,  resilient  modulus,  Marshall  stability,  and  Hveem  stability  !■ 
date,  most  of  these  test  results  obtained  from  testing  recycled  mixtuies 
have  compared  favorably  with  conventional  mixtures.  The  procedures  used 
to  perform  the  mix  design  are  important  and  can  greatly  affeit  the  mea¬ 
sured  properties  of  the  recycled  mixture.  Since  these  mix  design 
procedures  have  varied  considerably  in  the  literature,  it  is  difficult  to 
compare  test  results  among  the  various  laboratories. 

Whitcomb  evaluated  a  simplified  method  of  mix  design  for  recycled 
mixtures  and  compared  the  results  to  that  of  the  Marshall  and  Hveem 
methods  (68).  The  simplified  method  consisted  of  extracting  the  aged  as¬ 
phalt  binder  from  the  RAP  and  determining  the  penetration  and  viscosi  ty 
of  the  recovered  binder.  The  asphalt  demand  of  the  mixture  of  recovered 
aggregate  and  new  aggregate  was  determined  based  on  the  computed  surface 
area  of  the  aggregate  determined  from  the  Centrifuge  Kerosene  Equivalent 
(CKE)  test  (proposed  ASTM  test  method  under  jurisdiction  of  ASTM  Subcom¬ 
mittee  D04.20).  A  nomograph  was  used  to  select  the  type  of  recycling 
agent  needed  to  properly  modify  the  existing  asphalt  cement  and,  at  the 
same  time,  satisfy  the  asphalt  demand  of  the  aggregate.  Laboratory  tests 
indicated  that  the  measured  resilient  modulus  was  higher  for  the  recycled 
mixtures  than  for  the  conventional  mixture  during  permanent  deformation 
testing,  but  the  resilient  modulus  measured  during  fatigue  tests  was 
lower  for  the  recycled  mixtures  than  for  the  conventional  mixtures.  The 
tensile  strength  of  the  recycled  mixtures  was  shown  to  be  lower  than  the 
tensile  strength  of  the  conventional  mixtures.  A  plot  of  initial  tensile 
strain  versus  cycles  to  failure  indicated  that  at  low  tensile  strains  the 
recycled  mixtures  had  higher  fatigue  lives  than  the  conventional 
mixtures . 

Little  et  al.  performed  a  detailed  evaluation  of  laboratory  proper¬ 
ties  of  recycled  mixtures  (50).  The  Hveem  mix  design  method  was  used  for 


establishing  the  proper  asphalt  content,  and  a  trial-and-error  procedure 
was  used  to  ensure  that  satisfactory  properties  of  the  combined  asphalt 
binder  were  obtained  at  the  optimum  asphalt  content.  Test  results  on 
these  samples  indicated  that  the  recycled  materials  generally  performed 
equal  to  or  better  than  the  conventional  mixture  when  tested  for  fatigue 
resistance  and  low  temperature  properties,  as  predicted  by  the  Hajek-Haas 
Model.  Tests  indicated  that  the  recycled  mixtures  and  the  conventional 
mixture  were  potentially  susceptible  to  the  adverse  effects  of  water  when 
samples  were  evaluated  by  the  seven-day  soak  and  Lottman  methods. 

Epps  et  al .  characterized  a  number  of  recycled  mixes  that  were 
obtained  at  various  locations  in  Texas  (35)  and  compared  the  laboratory 
properties  of  these  mixtures  to  the  properties  of  corresponding  conven¬ 
tional  mixtures.  These  results  showed  that,  on  the  average,  the  Hveem 
stability  of  recycled  mixtures  was  less  than  that  for  conventional  mix¬ 
tures.  The  resilient  modulus  at  0°F  was  about  the  same  for  recycled  mix¬ 
tures  and  for  existing  mixtures  varying  in  age  from  2.5  years  to  9  years; 
at  100°F,  the  resilient  modulus  of  recycled  mixtures  was  approximately 
equal  to  that  of  a  2.5-year-old  pavement.  The  average  resilient  modulus 
at  73°F  was  shown  to  be  almost  twice  as  high  for  conventional  mixes  as 
for  recycled  mixes.  After  the  vacuum  immersion  and  the  seven-day  soak 
water  conditioning  techniques,  the  percent  decrease  in  resilient  modulus 
was  similar. 

Resilient  modulus  test  results  by  Terrel  and  Fritchen  indicated  that 
recycled  mixtures  compared  favorably  to  conventional  mixtures  (66). 

Little  and  Epps  compared  a  number  of  recycled  mixtures  to  a  number 
of  conventional  mixtures  and  found  that  the  laboratory  properties  such  as 
Hveem  and  Marshall  stability,  indirect  tensile  strength,  water  suscepti¬ 
bility,  and  resilient  modulus  were  similar  for  recycled  mixtures  and 
conventional  mixtures  (49). 

Asphalt  Durah i 1 i ty 

Durability  has  been  defined  as  a  resistance  to  change  in  original 
properties  of  the  asphalt  during  construction  and  in-service  aging  (67). 
For  many  years,  asphalt  pavement  technologists  have  tried  to  evaluate  the 
durability  of  asphalt  binders.  These  attempts  can  be  generally  classed 
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into  one  of  two  categories:  chemical  evaluation  or  physical  evaluation. 
Chemists  have  tried  to  predict  performance  based  on  the  chemical  composi¬ 
tion  of  asphalts,  while  engineers  have  tried  to  analyze  the  physical  prop 
erties  of  asphalt  binders  under  accelerated  aging  and  predict  performance 
based  on  physical  properties.  Both  techniques  have  had  limited  success, 
but  neither  can  predict  actual  performance  with  the  accuracy  desired. 

Rostler  breaks  the  asphalt  into  components  of  asphaltenes  (A), 
nitrogen  bases  (N) ,  first  acidaffins  (A^),  second  acidaffins  (A^),  and 
paraffins  (P)  to  analyze  the  durability  properties  of  the  asphalt  binder 
(64).  A  durability  parameter  which  has  been  derived  and  defined  as 

(N  +  Aj)/(P  +  A2) 

has  been  shown  to  be  related  to  the  measured  increase  in  viscosity  with 
aging. 

The  thin-film  oven  test  and  rolling  thin-film  oven  test  have  been 
used  in  durability  tests.  These  two  test  methods  are  used  to  artifi¬ 
cially  age  an  asphalt  binder  so  the  durability,  which  is  measured  by  a 
decrease  in  penetration,  increase  in  viscosity,  or  decrease  in  ductility, 
can  be  determined.  The  percent  change  in  these  physical  properties  after 
the  thin-film  oven  test  has  been  used  as  an  indication  of  the  durability 
of  the  asphalt  cement. 

Kemp  and  Predoehl  have  shown  that  the  California  tilt-oven  asphalt 
durability  test  can  be  used  to  predict  asphalt  hardening  in  the  field 
over  a  period  of  two  years  (47).  This  particular  test,  which  uses  the 
same  equipment  as  the  rolling  thin-film  oven  test  (2),  appears  to  have 
potential,  but  use  of  the  test  to  date  has  been  limited. 

Dunning  and  Mendenhall  have  shown  that  the  durability  of  recycled 
asphalt  concrete  mixtures  is  greater  than  that  for  conventional  mixtures 
(32).  This  study  indicated  that  the  viscosity  of  the  asphalt  cement  in 
recycled  mixtures  increases  at  a  slower  rate  than  the  viscosity  of  the 
asphalt  cement  in  conventional  mixtures. 

Low  Temperature  Performance 


Design  of  asphalt  mixtures  to  perform  satisfactorily  at  low 


temperatures  is  difficult.  At  low  temperatures,  asphalt  cement  tends  to 
become  hard  and  brittle,  causing  the  mixture  to  crack  when  the  tensile 
stress  caused  by  contraction  exceeds  the  tensile  strength.  Specifying  a 
proper  asphalt  cement  and  satisfactory  mixture  properties  will  minimize 
this  low  temperature  cracking. 

The  indirect  tensile  test,  which  is  useful  for  characterizing  as¬ 
phalt  concrete  mixtures,  can  be  used  to  determine  properties  of  asphalt 
mixtures.  The  tensile  strength,  strain,  and  stiffness  modulus,  which  are 
often  used  to  evaluate  asphalt  mixture  properties  at  low  temperatures, 
are  calculated  from  the  following  formulas: 
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where 

S  =  tensile  strength,  psi 
P  =  ultimate  applied  load,  lb 
D  =  diameter  of  asphalt  sample,  in. 
t  =  thickness  of  asphalt  sample,  in. 

E  =  stiffness  modulus,  psi 

v  =  Poisson's  ratio  (generally  assumed  to  be  0.35) 

AH  =  horizontal  deformation,  in. 
e  =  tensile  strain,  in. /in. 

McLeod  has  shown,  based  on  work  in  Canada,  that  the  Penetration- 
Viscosity  Number  (PVN)  of  the  asphalt  binder  can  be  used  to  predict  pave¬ 
ment  performance  at  low  temperatures  (54).  The  PVN,  which  is  calculated 
from  the  penetration  at  77°F  and  the  viscosity  at  275°F,  is  an  indicator 
of  temperature  susceptibility.  To  ensure  satisfactory  performance  of  an 
asphalt  cement  at  low  temperatures,  a  minimum  penetration  of  asphalt 
cement  at  77°F  and  a  minimum  PVN  are  required.  The  Department  of  the 
Army  requires  that  pavements  in  cold  regions  be  produced  with  a  low  vis¬ 
cosity  asphalt  cement  such  as  AC-2.5  having  a  minimum  PVN  of  -0.2  (29). 
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Gaw  showed  that  the  minimum  temperature  necessary  to  cause  cracking 
during  the  first  year  after  construction  can  be  predicted  by  a  plot  of 
asphalt  penetration  at  25°C  versus  asphalt  penetration  at  5°C  (39).  This 
relationship  proved  effective  in  predicting  low  temperature  cracking  on 
a  test  road  in  Canada. 

Kandhal  indicated  that  asphalt  penetration  and  ductility  could  be 
used  to  predict  low  temperature  cracking  in  asphalt  concrete  pavements 
(45).  When  the  penetration  of  an  asphalt  cement  approaches  20-25,  crack¬ 
ing  in  the  asphalt  mixture  is  likely  to  occur.  Test  results  indicated 
that  the  ductility  test,  when  run  at  39.2°F  or  60°F,  is  a  better  indica¬ 
tor  of  low  temperature  performance  than  when  it  is  conducted  at  77°F. 

Water  Susceptibility 


Often  water  is  more  detrimental  to  performance  of  an  asphalt  con¬ 
crete  pavement  than  traffic.  Water  not  only  affects  the  underlying  un¬ 
bound  layers,  but  also  causes  a  weakening  of  the  bond  between  the  asphalt 
cement  and  aggregate,  especially  with  particular  types  of  aggregates. 
There  have  been  a  number  of  laboratory  tests  developed  during  recent 
years  to  predict  the  damage  to  asphalt  concrete  mixtures  in  the  field  due 
to  the  presence  of  water.  Although  none  of  these  water  conditioning  pro¬ 
cedures  has  been  universally  accepted  by  pavement  engineers,  the  test 
methods  most  widely  used  are: 

1.  24-hour  static  immersion  (25). 

2.  Vacuum  saturate  and  24-hour  immersion  (proposed  ASTM  procedure 
under  jurisdiction  of  Subcommittee  D04.22). 

3.  Lottman  test  (51). 

4.  Vacuum  saturate  and  soak  for  seven  days  (Texas  Transportation 
Institute  procedure). 

5.  Texas  freeze-thaw  pedestal  test  (University  of  Texas  procedure). 
After  the  samples  have  been  conditioned,  a  loss  in  strength  is  generally 
measured  by  the  Marshall  stability  or  indirect  tensile  test.  Some  of 
these  water  conditioning  procedures  are  in  the  experimental  stages,  but 
preliminary  results  indicate  good  correlation  between  test  results  and 
performance.  Other  tests  which  are  not  quantitative  include  submerging 
aggregate  coated  with  asphalt  cement  in  boiling  water  for  a  period  of 


time,  shaking  vigorously,  and  estimating  percent  of  exposed  aggregate. 


Fatigue 


Asphalt  concrete  pavements  often  perform  satisfactorily  for  a  period 
of  time  but  eventually  fail  from  fatigue  when  subjected  to  a  large  number 
of  repeated  loads.  Since  the  mid  1960's,  much  information  has  been  pub¬ 
lished  on  fatigue  of  asphalt  concrete.  Two  general  types  of  tests  are 
normally  used  to  determine  fatigue  characteristics  of  an  asphalt  concrete 
mixture.  One  procedure  consists  of  applying  repeated  loads  diametrically 
across  a  core  until  failure  occurs.  This  vertical  load  results  in  a  hor¬ 
izontal  tensile  stress  and  strain  which  can  be  computed  from  the  vertical 
load  and  lateral  displacement  measurements.  Another  procedure  consists 
of  testing  a  beam  in  repeated  flexure  using  3-  or  4-point  loading. 

The  load  and  deflection  measured  during  the  test  is  used  to  compute 
stress,  strain,  and  modulus  of  elasticity  from  the  following  formulas: 


O  = 


3aP 

bt2 


£  = 


12tA 


2  2 
(31  -  4a  ; 


(4) 

(5) 


Pa(312  -  4a2) 
4bt3A 


(6) 


where 

CT 

a 

P 

b 

t 

£ 

A 

1 

E 


extreme  fiber  bending  stress,  psi 

distance  between  applied  load  and  reaction,  in. 

load,  lb 

beam  width,  in. 

beam  height,  in. 

extreme  fiber  bending  strain,  in. /in. 
beam  deflection,  in. 

beam  length  between  two  outside  reactions,  in. 
modulus  of  elasticity,  psi 
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Many  authors  including  Deacon  (24),  Epps  and  Monismith  (33,  34), 
Pell  and  Taylor  (61),  and  Jimenez  (43)  have  indicated  a  linear  relation¬ 
ship  exists  between  log  stress  and  log  of  cycles  to  failure  for  flexural 
fatigue  tests  conducted  on  asphalt  concrete.  This  can  be  expressed  as 


Nf  =  *1(5)  ' 


(7) 


where 

Nj.  =  number  of  load  applications  to  failure 
=  constant  from  regression  analysis 
o  =  extreme  fiber  bending  stress,  psi 
n^  =  constant  from  regression  analysis 
The  number  of  load  applications  to  failure  can  also  be  expressed  in  terms 
of  initial  strain: 

Nf  =  K2(i)2  (8) 

where 

=  number  of  load  applications  to  failure 
=  constant  from  regression  analysis 
e  =  extreme  fiber  bending  strain,  in. /in. 
n^  =  constant  from  regression  analysis 
By  solving  for  the  constants  ,  nl  ’  anc*  n2  from  a  ser"ies  °f 

tests  at  different  stress  levels  on  a  particular  asphalt  mixture,  the 
number  of  load  applications  to  failure  can  be  determined  for  any  given 
stress  or  strain  level. 

Constant  strain  and  constant  stress  modes  of  loading  beams  have  been 
used  for  conducting  flexural  fatigue  tests  (33,  34).  In  the  constant 
strain  test,  a  constant  deflection  is  applied  to  the  beam,  and  the  load 
which  decreases  with  repeated  cycles  is  measured.  Failure  occurs  when 
the  load  decreases  to  some  predetermined  percentage  of  the  initial  load, 
usually  50  percent.  The  value  of  CT  in  Equation  7  is  defined  as  the 
initial  extreme  fiber  bending  stress. 

For  the  constant  stress  mode  of  loading,  a  constant  load  is  applied 
to  the  beam  and  the  deflection  increases  with  repeated  cycles.  Failure 


occurs  when  the  beam  actually  breaks.  One  advantage  of  the  constant 
stress  mode  of  loading  is  the  fact  that  failure  occurs  suddenly  and  there 
is  no  judgment  in  determining  failure.  For  the  constant  stress  test 
procedure,  £  in  Equation  8  is  defined  as  the  initial  extreme  fiber 
bending  strain. 

In  actual  field  conditions,  the  mode  of  loading  is  somewhere  between 
constant  stress  and  constant  strain.  This  cannot  be  completely  dupli¬ 
cated  in  the  laboratory. 

Many  investigators,  including  Pell  (59,  60),  have  stated  that  the 
controlled  stress  mode  of  loading  is  applicable  for  asphalt  concrete 
thicknesses  greater  than  6  in.  (15.2  cm)  while  the  controlled  strain  mode 
of  loading  is  more  applicable  for  thicknesses  less  than  2  in.  (5.1  cm). 
Unfortunately,  most  asphalt  concrete  thicknesses  are  somewhere  between  2 
and  6  in.  In  general,  mixes  with  high  stiffness  will  provide  longer  life 
than  mixes  with  low  stiffness  in  the  controlled  stress  mode  of  loading 
(thick  pavements),  and  mixes  having  low  stiffness  will  provide  longer 
life  than  mixes  with  high  stiffness  in  the  controlled  strain  mode  of 
loading  (thin  pavements). 

Kallas  and  Puzinauskas  (44)  showed  that  eight  or  nine  samples  were 

necessary  to  develop  a  satisfactory  relationship  between  number  of  load 

applications  to  failure  and  extreme  fiber  bending  stress  when  3-in. 

(7.62  cm)  x  3-in.  *  15-in.  (38.1  cm)  samples  were  tested.  Test  results 

indicated  that  the  value  of  K.  in  Equation  7  ranged  from  2  x  10^  to 
18  ^ 

4  x  10  and  n.  ranged  from  3.8  to  6.9  for  various  asphalt  mixtures  at 

1  -11 
70°F.  The  value  of  K  in  Equation  8  ranged  from  3  x  10  to 

-5  ^ 

6  x  io  and  n^  ranged  from  2.5  to  4.6  for  the  same  asphalt  mixtures 

at  70°F . 

Miner's  law  (55)  is  considered  valid  by  most  pavement  engineers  to 
analyze  fatigue  effects  in  pavement  design  systems.  Miner's  law  states 
that  failure  occurs  when 


where  n.  is  the  number  of  anticipated  load  applications  at  a  given 
stress  level  and  N.  is  the  number  of  load  applications  to  cause  failure 
at  that  given  stress  level.  Failure  is  cumulative;  hence,  the  percent 


failure  at  each  load  can  be  added  to  determine  the  overall  percent  fail¬ 
ure  of  the  pavement  due  to  a  range  of  loads.  This  technique  allows  the 
cumulative  effect  of  mixed  traffic  to  be  determined  quantitatively  and 
the  overall  effect  of  the  traffic  to  be  evaluated. 

Since  the  conduct  of  fatigue  tests  is  both  timely  and  costly,  some 
empirical  formulas  that  can  be  used  to  predict  fatigue  life  have  been 
developed.  One  such  formula  as  shown  below  was  presented  by  Francken 
and  Verstraeten  (37): 


E(N)  =  <j>  x  C  x 


B 


V_  +  V 
B  v 


x  N 


-0.21 


(10) 


where 


E(N)  =  initial  strain  to  produce  failure  after  N  cycles 


<t>  =  coefficient  depending  on  the  asphaltene  content  in  the 
bitumen 


C  =  coefficient,  generally  1.0  for  high-quality  mixtures 

V  =  volume  of  bitumen,  percent 
o 


Vv  =  volume  of  voids,  percent 


N  =  number  of  cycles  to  produce  failure 


An  equation  developed  by  Pell  (59)  that  is  often  used  to  predict 
service  life  for  a  constant  strain  of  0.0001  in. /in.  is 


-4  VB  +  100 

log  N(e  =  10  *)  =  -16.34  +  6.03  log  °  ^  +  5.99  log(TR  &  g)  (11) 

VB  v 

where 

V  =  volume  of  bitumen,  percent 

D 

=  volume  of  voids,  percent 
Tn  „  D  =  ring-and-ball  softening  point,  °C 

The  above  equations  present  two  simple  procedures  for  predicting 
fatigue  life  of  a  pavement  which  appear  to  work  satisfactorily  for  the 
mixtures  evaluated  in  these  previous  studies.  A  simple  procedure  for 
predicting  fatigue  life,  such  as  the  two  procedures  mentioned  above,  is 
needed  so  that  the  relative  fatigue  life  of  asphalt  concrete  mixtures  can 
be  routinely  determined  without  having  to  conduct  expensive  and  time- 
consuming  fatigue  tests. 


Bonnaure  et  al.  have  shown  that  rest  periods  are  useful,  especially 
with  some  types  of  asphalts,  in  increasing  fatigue  life  of  asphalt  con¬ 
crete  (17).  Unfortunately,  rest  periods  prolong  the  time  of  testing 
needed  to  develop  a  relationship  between  stress  or  strain  and  number  of 
load  repetitions  to  failure;  thus  rest  periods  are  not  usually  considered 
in  fatigue  testing.  Francken  (36)  has  developed  a  model  to  consider  the 
effect  of  rest  periods  on  the  fatigue  life  of  asphalt  concrete  mixtures. 
The  life  ratio  is  defined  by 


N. 

1 


=  1  +  2.8  — 


/  n  \  0 . 
.8  (  —  J 

Tl  / 
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(12) 


where 


N.  =  number  of  cycles  to  failure  with  rest  periods 


=  number  of  cycles  to  failure  without  rest  periods 


n^_  =  number  of  rest  periods 


n^  =  number  of  loading  cycles 

Brown  and  Pell  (23)  have  suggested  that  fatigue  life  observed  in  the 
field  is  often  as  much  as  20  times  greater  than  the  fatigue  life  of  test 
specimens  measured  in  the  laboratory.  The  increased  fatigue  life  in  the 
field  is  partly  caused  by  the  effect  of  rest  periods.  This  difference 
between  laboratory  and  field  test  results  highlights  the  need  to  develop 
relationships  between  measured  laboratory  results  and  observed  field  re¬ 
sults.  Laboratory  fatigue  tests  can  be  used  to  compare  mixes  to  deter¬ 
mine  a  relative  life  in  the  field,  but  the  predicted  number  of  load 
applications  often  does  not  compare  very  well  with  actual  numbers  that 
are  determined  in  the  field. 

Pell  (60)  showed  that  the  amount  of  air  voids  in  the  asphalt  con¬ 
crete  mixture  greatly  affected  the  fatigue  performance.  A  proper  mixture 
design  can  ensure  that  voids  in  the  mixture  are  in  the  proper  range  and 
also  adequate  compaction  during  construction  is  needed  to  keep  voids  in 
the  field  within  an  allowable  range. 

Another  method  to  predict  fatigue  life  makes  use  of  fracture 
mechanics  to  determine  the  estimated  rate  of  crack  growth  (52).  This 
approach  assumes  that  the  increase  in  deflection  of  a  beam  under  repeated 
load  is  due  to  crack  growth  which  is  determined  from  the  following 
re  1  a t ionsh i p : 


where 


c  =  crack  length 
N  =  number  of  cycles 

a,  b  =  constants  from  regression  analysis 

The  rate  of  crack  growth  is  also  a  function  of  stress  concentration 
factor  which  is  related  to  crack  length  and  deflection.  This  relation¬ 
ship  between  rate  of  crack  growth  and  stress  concentration  factor  is: 

i  =  AK?  (14 

where 

c  =  crack  length 
N  =  number  of  cycles 
Kj  =  stress  concentration  factor 
A,  n  =  fatigue  parameters 

This  approach  for  analyzing  fatigue  data  has  been  used  by  a  number  of 
investigators;  however,  the  procedure  which  expresses  the  number  of 
cycles  to  failure  as  a  function  of  stress  or  strain  is  presently  the 
most  popular  method  of  analyzing  the  data. 

Layered  Elastic  Analysis 

In  recent  years,  emphasis  has  been  placed  on  the  development  of 
computer  programs  to  obtain  the  stresses  and  strains  within  the  various 
pavement  layers.  These  programs  are  useful  in  computing  data  needed  to 
analyze  the  fatigue  characteristics  of  a  pavement  system.  Some  of  the 
computer  programs  available  include  finite  element  programs,  Chevron  N 
Layer  Elastic  program,  Shell  BISTRO  program,  and  Shell  B1SAR  program. 
These  programs  allow  the  rapid  determination  of  expected  pavement  per¬ 
formance  for  a  range  of  material  properties.  Typically,  thp  tensile 
stress  at  the  bottom  of  the  bound  layers  and  the  compressive  stresses  at 
the  top  of  the  unbound  layers,  especially  the  subgrade,  are  critical. 


PART  III:  PLAN  OF  EXPERIMENT 


The  basic  plan  of  test  for  this  project  consists  of  comparing  the 
laboratory  properties  of  hot  recycled  mixtures  to  those  of  conventional 
mixtures  with  emphasis  placed  on  fatigue  characteristics.  To  make  this 
comparison,  samples  of  in-place  aged  asphalt  concrete  were  obtained  from 
pavements  at  three  locations  where  recycling  was  planned.  Most  of  the 
mixtures  sampled  had  been  in  service  for  15  to  25  years,  and  the  usual 
long-term  problems  such  as  cracking  and  general  deterioration  had 
occurred . 

Samples  of  asphalt  concrete  were  obtained  from  Lajes  Air  Force  Base, 
Azores  Islands,  Portugal;  Pope  Air  Force  Base,  North  Carolina;  and  Inter¬ 
state  55  near  Grenada,  Mississippi.  New  aggregates  used  in  preparing 
the  conventional  mixtures  and  the  recycled  mixtures  consisted  of  crushed 
limestone  from  Alabama  and  crushed  gravel  from  Mississippi.  An  AC-5  and 
an  AC-20  asphalt  cement  obtained  from  Southland  Oil  Company  were  used 
for  preparing  recycled  and  conventional  mixtures,  respectively,  for  this 
study.  The  recycling  agent  used  to  prepare  recycled  mixtures  was 
Cyclogen  H,  a  proprietary  material  produced  by  the  Witco  Chemical  Corpo¬ 
ration,  Bakersfield,  California.  This  recycling  agent  had  previously 
been  used  on  a  large  number  of  asphalt  concrete  recycling  jobs  and  is 
considered  typical  of  most  recycling  agents. 

Recycled  mixtures  were  prepared  from  samples  of  reclaimed  asphalt 
pavement  obtained  from  each  location.  Mixtures  prepared  with  materials 
from  each  sampling  location  consisted  of  a  recycled  mixture  containing 
low  viscosity  asphalt  cement  (AC-5)  and  a  recycled  mixture  containing 
the  recycling  agent.  Conventional  mixtures  were  prepared  with  crushed 
gravel  and  crushed  limestone  mixed  with  AC-20.  Limestone  was  used  as 
the  new  aggregate  to  prepare  a  conventional  mixture  for  comparison  to  re¬ 
cycled  mixtures  from  Lajes  Air  Force  Base  since  the  aggregate  recovered 
from  the  RAP  at  Lajes  was  similar  in  shape  and  texture  to  limestone. 
Crushed  gravel  was  used  as  the  new  aggregate  to  prepare  recycled  mix¬ 
tures  using  materials  from  Pope  Air  Force  Base  and  Interstate  55.  The 
new  aggregates  were  selected  from  existing  laboratory  supplies  to  be 
similar  to  the  aggregates  existing  in  the  reclaimed  asphalt  pavement. 

This  procedure  resulted  in  two  conventional  mixtures  and  six  recycled 


mixtures  as  shown  in  Table  1.  The  same  mixture  was  used  to  represent 
the  conventional  mixture  for  Pope  Air  Force  Base  and  Interstate  55. 

These  eight  asphalt  concrete  hot  mixtures  were  designed  to  meet 
Corps  of  Engineers  criteria;  however,  criteria  for  recycled  mixtures  were 
being  developed  in  conjunction  with  this  study,  hence,  many  requirements 
have  subsequently  been  changed.  Mix  designs  for  the  conventional  mix¬ 
tures  determined  the  aggregate  gradation  and  the  amount  of  AC-20  to  be 
added  to  the  mixture.  The  mix  designs  for  the  recycled  mixtures  deter¬ 
mined  the  percent  of  RAP,  the  percent  of  new  aggregate,  and  the  percent 
of  new  asphalt  cement  or  recycling  agent  to  be  used  in  the  mixture.  All 
mix  designs  were  conducted  in  accordance  with  established  procedures 
specified  in  "Bituminous  Pavements  Standard  Practice,"  TM  5-822-8  (26) 
and  "Test  Methods  for  Bituminous  Paving  Materials,"  MIL-STD-620A  (25). 

The  mix  designs  for  the  recycled  mixtures  were  conducted  in  accordance 
with  a  standard  practice  manual  for  recycled  pavements  being  developed  by 
the  U.  S.  Army  Engineer  Waterways  Experiment  Station. 

After  the  mix  design  for  each  mixture  was  developed,  samples  were 
prepared  for  determination  of  fatigue  resistance,  resilient  modulus, 
Marshall  stability,  indirect  tensile,  and  water  susceptibility.  These 
tests  were  conducted  for  each  of  the  eight  mixtures  so  that  a  comparison 
between  the  recycled  and  conventional  mixtures  and  between  the  recycled 
mixtures  containing  recycling  agent  and  the  recycled  mixtures  containing 
AC-5  could  be  made.  To  evaluate  the  potential  performance,  the  tests 
shown  in  Table  2  were  conducted  on  each  mixture.  The  penetration,  vis¬ 
cosity,  ductility,  rolling  thin-film  oven,  softening  point,  and  specific 
gravity  tests  were  conducted  on  the  combined  asphalt  binder  to  be  used  in 
each  mixture.  The  penetration,  viscosity,  ductility,  softening  point, 
specific  gravity,  and  weight  loss  tests  were  also  conducted  on  the 
asphalt  binders  after  the  rolling  thin-film  oven  test.  Asphalt  cement 
was  extracted  and  recovered  from  each  of  the  prepared  mixtures  and  tested 
for  penetration,  ductility,  viscosity,  softening  point,  and  specific 
gravity  to  evaluate  the  effect  of  mixing  on  the  properties  of  the  asphalt 
binder. 

After  the  material  and  mixture  properties  had  been  determined,  the 
stiffness  data  were  used  as  input  into  the  Shell  BISAR  program  for  two 
typical  pavement  sections  to  predict  the  stresses  and  strains  that  would 


TABLE  2. --Tests  Conducted  on  Each  Mixture 


Tests  Conducted  on  Combined 
Asphalt  Binder 


Tests  Conducted  on 
Asphalt  Concrete 


Penetration  at  40°F  and  77°F  (5) 

Marshall  stability  at  140°F  (25) 

Viscosity  at  140°F,  225°F, 
and  275°F  13) 

Indirect  tensile  at  40°F  and 

77°F 

Ductility  at  40°F  and  77°F  (1) 

Flexural  fatigue  at  40°F  and 

77°F 

Rolling  thin-film  oven  test  (2) 

Water  conditioning  by  static 
immersion  (25) 

Softening  point  (9) 

Water  conditioning  by  vacuum 
saturation  and  24-hour 

immersion 

Specific  gravity  (12) 

Resilient  modulus  at  40°F  and 

occur  in  each  of  the  mixtures.  The  computed  stresses  and  strains  were 
used  along  with  the  fatigue  models  developed  from  the  flexural  fatigue 
tests  to  predict  performance  of  the  recycled  and  conventional  mixtures. 
This  analysis  was  performed  to  provide  a  relative  indication  of  field 
performance  for  recycled  and  conventional  mixtures. 


PART  IV:  DESCRIPTION  OF  TESTS 


Mix  Designs 

The  entire  study  of  mixture  properties  for  recycled  mixtures  as 
compared  to  properties  of  conventional  mixtures  is  highly  dependent  on 
the  procedures  used  to  perform  the  mix  design.  At  the  start  of  work  on 
this  project,  there  was  no  widely  accepted  procedure  for  mix  design  of 
recycled  mixtures,  although  many  agencies  had  their  own  procedures.  For 
the  most  part,  procedures  used  to  conduct  mix  designs  for  recycled  mix¬ 
tures  are  very  similar  to  those  for  conventional  mixtures.  A  mixture 
placed  in  the  field  should  have  approximately  the  same  properties  whether 
it  is  a  conventional  or  a  recycled  mixture.  The  properties  considered 
important  in  a  mix  design  include:  (a)  the  properties  of  the  aggregates; 
i.e.,  gradation,  crushed  faces,  flat  and  elongated  count,  Los  Angeles 
abrasion,  soundness,  specific  gravity,  and  absorption,  and  (b)  the 
properties  of  the  asphalt  binder;  i.e.,  penetration,  viscosity,  and 
ductility.  The  important  mixture  properties  include  unit  weight,  sta¬ 
bility,  flow,  voids  in  the  total  mixture,  and  voids  filled  with  asphalt. 

The  Corps  of  Engineers  criteria  for  designing  asphalt  mixtures  for 
airfields  allow  the  use  of  75  blows  with  the  Marshall  hammer  or  the  use 
of  the  gyratory  machine  for  compacting  samples  (25,  26).  The  gyratory 
machine  was  used  for  this  study  at  the  selected  calibration  to  produce 
the  same  density  as  obtained  with  75  blows  with  a  manual  hammer.  One 
additional  step  in  designing  recycled  mixtures  was  the  evaluation  of  the 
penetration  of  the  combined  asphalt  binder  prior  to  and  after  mixing. 

For  mix  design  purposes,  the  penetration  was  increased  by  decreasing  the 
amount  of  RAP  used  in  the  mixture.  This  decrease  in  amount  of  RAP 
resulted  in  an  increase  in  the  amount  of  new  aggregate  and  an  increase 
in  asphalt  cement  or  recycling  agent. 

Asphalt  Binder  Tests 

After  the  mix  design  had  been  developed,  a  number  of  tests  were  con¬ 
ducted  on  the  combined  asphalt  binder  prepared  by  mixing  the  same  per¬ 
centages  of  each  binder  material  as  determined  by  the  mix  design.  For 
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example,  if  the  mix  design  indicated  using  60  percent  RAP  with  a  5  per¬ 
cent  asphalt  content  and  2  percent  additional  binder,  then  the  combined 
binder  would  include  three  parts  aged  asphalt  cement  (0.60  x  5)  and  two 
parts  new  binder. 

After  extracting  the  binder  from  the  existing  RAP  with  a  rotorex 
extractor  (6) ,  the  dust  that  was  carried  over  into  the  solution  of  solvent 
was  removed  from  the  asphalt  binder  with  a  high-speed  centrifuge.  This 
procedure  allowed  the  asphalt  binder  to  be  recovered  from  the  mixtures  by 
the  Abson  method  (7)  without  a  significant  amount  of  dust  remaining  to 
affect  the  measured  properties  of  the  binder.  After  the  binder  was  re¬ 
covered,  it  was  mixed  with  the  AC-5  or  recycling  agent  at  the  proper 
percentages  and  prepared  for  testing. 

The  penetration  of  the  asphalt  binder  was  determined  at  40°  and 
77°F.  At  77°F,  the  standard  weight  and  time  of  100  grams  and  5  seconds, 
respectively,  was  used  in  determining  the  penetration.  At  40°F,  weights 
and  times  of  200  grams  and  10  seconds,  respectively,  and  100  grams  and 
5  seconds,  respectively,  were  used  in  determining  the  penetration.  The 
ductility  test  (1)  was  conducted  at  40°F  and  77°F.  The  rate  of  elonga¬ 
tion  was  set  at  5  cm  per  minute  at  77°F  and  1  cm  per  minute  at  40°F.  The 
kinematic  viscosity  (3)  was  conducted  at  225°F  and  275°F,  while  the 
absolute  viscosity  of  the  asphalt  binder  was  measured  at  140°F. 

All  of  the  tests  on  the  asphalt  binder  mentioned  above  were: 

1.  Conducted  on  the  original  combined  asphalt  binder  (including  the 
recycling  agent,  if  used). 

2.  Conducted  on  the  combined  asphalt  binder  after  the  rolling  thin- 
film  oven  test. 

3.  Conducted  on  the  asphalt  binder  recovered  from  the  beams  used  for 
the  fatigue  test. 


Asphalt  Mix  Tests 

The  Marshall  stability  test,  which  is  useful  in  conducting  mix  de¬ 
sign  and  predicting  performance,  was  conducted  on  each  of  the  eight  mix¬ 
tures  analyzed.  Experience  has  shown  that  a  mix  design  produced  with  an 
aggregate  of  satisfactory  quality  and  gradation  and  with  an  asphalt  of 
satisfactory  type  and  quality  will  produce  a  mixture  meeting  the  Marshall 


stability  requirements.  Generally,  failure  to  meet  the  Marshall  stability 
requirements  is  an  indication  that  improper  asphalt  cement  was  used,  im¬ 
proper  aggregate  was  used,  or  mix  design  was  improperly  conducted.  A 
high  Marshall  stability  does  not  necessarily  mean  better  performance; 
often  the  contrary  is  true,  since  a  high  stability  often  indicates  that 
the  mix  is  brittle,  which  results  in  premature  cracking. 

The  Corps  of  Engineers  minimum  requirement  for  Marshall  stability  is 
1800  lb  (817  kg)  for  high-pressure  tire  design  and  500  lb  (227  kg)  for 
low-pressure  tire  design.  These  minimum  values  for  stability  have  been 
established  over  a  period  of  years  based  on  experience  with  various  types 
of  mixtures.  The  mixtures  for  this  study  were  designed  for  airfields; 
therefore,  the  1800-lb  (817  kg)  minimum  stability  was  desired. 

The  indirect  tensile  test  has  been  widely  used  to  characterize  as¬ 
phalt  mixtures.  This  test  is  simple  to  perform,  and  unlike  the  Marshall 
stability,  the  results  can  be  analyzed  rationally  to  compute  the  stresses 
and  strains  within  the  sample.  Cracking  within  a  pavement  generally  re¬ 
sults  from  exceeding  the  tensile  strength  of  the  binder;  hence,  the  in¬ 
direct  tensile  test  is  used  in  evaluating  the  potential  of  an  asphalt 
mixture  to  crack  at  low  temperatures. 

For  this  study,  the  indirect  tensile  test  was  conducted  at  40°F  and 
77°F.  It  was  conducted  at  a  load  rate  of  2  in.  (5.1  cm)  per  minute  on 
4-in.  (10.2  cm)  diameter  cores  prepared  in  the  laboratory  and  compacted 
in  the  gyratory  machine. 

With  the  recent  emphasis  on  rational  design  of  pavements,  the  re¬ 
silient  modulus  test,  a  simple  and  inexpensive  test,  has  become  increas¬ 
ingly  important.  The  resilient  modulus  is  a  measure  of  stiffness  of  the 
mixture  under  repeated  load  and  is  used  as  input  into  a  layered  elastic 
computer  program  to  obtain  stresses  and  strains  in  the  mixture  for  vari¬ 
ous  pavement  sections  and  loading  conditions. 

The  Schmidt  resilient  modulus  device  (65)  was  used  to  measure  the 
resilient  modulus  for  each  of  the  eight  mixtures  at  40°F  and  77°F.  Con¬ 
ducting  this  test  over  a  range  of  temperatures  provides  the  information 
needed  to  determine  the  sensitivity  of  resilient  modulus  to  a  change  in 
temperature.  The  resilient  modulus  test  was  conducted  on  4-in.  diameter 
cores  prepared  and  compacted  in  the  laboratory.  Samples  tested  for 
resilient  modulus  were  loaded  in  the  same  way  as  the  samples  for  the 


indirect  tensile  test;  however,  the  samples  for  resilient  modulus  were 
subjected  to  repeated  stress  applications  at  a  stress  level  substantially 
below  the  strength  of  the  sample.  The  samples  were  loaded  for  0.1  second 
at  a  load  of  8.2  psi  and  a  frequency  of  20  cycles  per  minute. 

The  static  immersion  compression  test  has  been  used  by  the  Corps  of 
Engineers  for  a  number  of  years  to  evaluate  the  water  susceptibility  of 
asphalt  mixtures  (25).  Six  samples  for  each  mixture  were  prepared  at  op¬ 
timum  asphalt  content.  Three  of  these  samples  were  tested  using  conven¬ 
tional  test  procedures  to  determine  the  Marshall  stability,  while  the 
other  three  samples  were  soaked  for  24  hours  in  a  water  bath  at  140°F 
prior  to  being  tested  for  stability.  An  index  of  retained  stability  was 
determined  by  the  following  formula: 

T  ,  ,  n  StabiHty  After  24-Hour  Soak  /1C. 

Index  of  Retained  Stability  =  g—  .  . .  . .  f  — - — - — -  (15) 

Stability  After  30-Minute  Soak 

The  Corps  of  Engineers  has  established  that  an  index  of  retained  sta¬ 
bility  below  0.75  is  cause  for  rejection  of  a  mixture.  Generally,  when 
a  mixture  fails  to  meet  the  requirements  of  this  test,  another  aggregate 
source  is  selected  for  use  or  an  antistrip  agent  is  used  to  improve  the 
mixture's  resistance  to  the  adverse  effects  of  water. 

Six  samples  for  each  mixture  were  prepared  at  optimum  asphalt  con¬ 
tent  for  determination  of  water  susceptibility  using  the  indirect  tensile 
test.  After  immersing  one  half  of  the  samples  at  77°F  for  30  minutes  and 
the  other  half  at  77°F  for  24  hours,  the  tensile  strength  was  measured 
using  the  indirect  tensile  test.  An  index  of  retained  strength  was  com¬ 
puted  for  the  indirect  tensile  test,  similar  to  that  computed  for  the 
Marshall  stability  test  shown  in  Equation  15. 

Since  many  engineers  feel  that  the  static  immersion  test  does  not 
properly  condition  the  samples  to  represent  field  conditions  for  the 
asphalt  mixture,  the  vacuum  saturation  and  immersion  test  was  also  used 
in  this  study.  This  test  involves  applying  a  vacuum  to  the  samples  for 
30  minutes,  then  immersing  these  samples  in  a  water  bath  for  24  hours  at 
140°F.  After  immersion  of  the  samples  for  24  hours,  an  index  of  retained 
strength  for  the  Marshall  stability  (25)  and  for  the  indirect  tensile 
test  (proposed  ASTM  standard  under  jurisdiction  of  Subcommittee  D04.20) 
was  determined. 
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The  static  immersion  and  the  vacuum  saturation  and  immersion  test 
procedures  allow  for  a  comparison  of  the  retained  strengths  for  recycled 
and  for  conventional  mixtures.  These  two  tests  were  used  for  this  study 
because  of  their  simplicity  and  wide  use  among  paving  engineers. 

The  fatigue  tests  were  conducted  with  MTS  Systems  Corporation  closed 
loop  elect rohydraul ic  testing  equipment  (Fig.  2).  This  equipment  can  be 
set  to  apply  any  desired  load  or  deflection  to  the  sample.  The  load  and 
deflection  are  recorded  on  a  plotter  and  the  number  of  cycles  are  counted 
An  apparatus  built  by  Cox  &  Sons  in  California,  which  produces  4-point 
loading  of  the  beam,  was  used  to  hold  the  asphalt  concrete  beam  in  place 
during  the  testing  (Fig.  3). 

The  asphalt  concrete  beams  were  prepared  with  densities  equal  to 
98  percent  of  the  75-blow  Marshall  density  which  is  approximately  eqeal 
to  the  density  built  into  pavements  during  construction.  The  beams  were 
compacted  in  a  3-in.  (7.6  cm)  x  3-in.  x  15-in.  (38.1  cm)  mold  with  a  hand 
hammer  which  was  modified  to  have  a  3-in.  x  3-in.  square  foot.  The  beam 
and  mold  were  moved  horizontally  back  and  forth  underneath  the  hammer 
during  compaction  so  that  each  point  of  the  beam  was  equally  compacted. 
This  compaction  technique  resulted  in  an  impact-kneading  type  compaction. 
After  the  beams  were  compacted,  a  steel  plate  was  placed  over  the  top  of 
the  beam  while  it  was  inside  the  mold  and  a  static  load  was  applied  to 
it  to  produce  an  even,  smooth  surface  on  all  sides.  After  the  beam  was 
removed  from  the  mold,  a  metal  nut  was  attached  with  epoxy  to  the  side 
of  the  beam  at  the  neutral  axis.  The  nut  was  attached  to  the  linear 
variable  differential  transducer  (LVDT)  so  that  the  deflection  of  the 
beam  could  be  measured  during  the  fatigue  tests.  Each  beam  was  allowed 
to  cure  for  a  minimum  of  one  week  at  room  temperature  to  give  the  mixture 
of  asphalt  and  recycling  agent  or  AC-5  asphalt  cement  time  to  stabilize 
inside  the  recycled  mixtures  prior  to  testing. 

Prior  testing  had  indicated  that  approximately  8-9  beams  were  gen¬ 
erally  sufficient  to  develop  a  suitable  straight-line  plot  for  log  stress 
versus  log  cycles  to  failure  (44).  To  ensure  that  at  least  8  beams  were 
properly  tested,  12  beams  were  prepared  for  each  mixture.  Each  of  the 
eight  mixtures  was  tested  at  two  temperatures,  requiring  192  beams  for 
fatigue  testing.  When  a  malfunction  in  the  equipment  was  observed  during 
operation,  the  beam  being  tested  was  discarded  and  the  results  voided. 
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The  constant  stress  mode  of  loading  was  used  to  conduct  all  tests 
for  this  study.  One  reason  for  the  selection  of  the  constant  stress  mode 
of  loading  was  that  failure  is  better  defined.  Also,  because  hot  re¬ 
cycling  projects  are  generally  used  in  conjunction  with  thick  pavements, 
this  mode  of  loading  is  the  most  desirable. 

A  sine  wave  load  function  was  applied  to  the  beam  with  tne  top  peak 
representing  a  tensile  stress  in  the  bottom  of  the  beam  and  the  bottom 
peak  representing  an  equal  compressive  stress  in  the  bottom  of  the  beam. 
Each  beam  was  loaded  at  30  cycles  per  minute  with  no  rest  periods.  A 
preload  approximately  equal  to  the  weight  of  the  beam  was  applied  pushing 
upward  on  the  beam  during  the  test  to  prevent  sagging  of  the  beam  under 
its  own  weight. 

Flexure  fatigue  tests  were  conducted  at  40°  and  77°F.  Conducting 
the  tests  at  two  temperatures  gives  an  indication  of  the  temperature 
susceptibility  of  the  mixtures  and  also  indicates  fatigue  performance  at 
low  and  intermediate  temperatures. 


PART  V:  TEST  RESULTS 

Properties  of  Reclaimed  Asphalt  Pavement 


The  RAP  was  obtained  from  three  locations  where  plans  had  been  made 
to  recycle  the  existing  asphalt  concrete.  The  recycling  projects  at 
Lajes  Air  Force  Base  and  Pope  Air  Force  Base  were  completed;  however,  the 
recycling  project  on  Interstate  55  was  canceled  because  of  exceptionally 
high  bids  from  contractors. 

An  analysis  of  the  materials  from  each  of  the  three  locations  was 
made  to  evaluate  the  in-place  material;  test  results  are  shown  in 
Table  3.  The  aggregates  from  the  three  locations  were  similar;  although, 
tests  on  the  aggregate  from  Lajes  Air  Foret  Base  and  Interstate  55  showed 
a  higher  amount  of  material  passing  the  No.  200  sieve  than  the  aggregate 
from  Pope  Air  Force  Base.  The  aggregate  from  all  three  sources  was 
100  percent  crushed.  The  penetration  of  the  recovered  asph.  It  binder 
varied  from  4  on  Interstate  55  to  28  at  Pope  Air  Force  Base.  A  penetra¬ 
tion  between  15  and  28  is  considered  normal  for  aged  asphalt  pavements, 
but  a  penetration  of  4  is  abnormally  low.  The  asphalt  cement  extracted 
from  the  RAP  varied  from  3.5  percent  on  Interstate  55  to  5.2  percent  at 
Lajes  Air  Force  Base.  The  low  asphalt  content  in  the  mix  from  Inter¬ 
state  55  could  have  resulted  in  a  higher  oxidation  rate,  which  partially 
explains  the  low  asphalt  penetration. 

Mix  Design 


The  mix  design  for  each  of  the  mixtures  was  developed  using  the 
procedures  for  conventional  mixtures  with  additional  steps  taken  to  en¬ 
sure  that  the  combined  asphalt  binder  properties  were  reasonable.  The 
properties  of  the  recycling  agent,  AC-5,  and  AC-20  asphalt  concrete  used 
in  the  mixture  design  are  shown  in  Table  4. 

Table  5  is  a  summary  of  the  mix  designs  for  the  three  mixtures  pre¬ 
pared  to  represent  the  material  from  Pope  Air  Force  Base.  The  gradation 
of  the  new  aggregate  used  in  each  of  the  eight  mixtures  was  controlled 
so  that  the  gradation  of  the  combined  aggregate  in  each  of  the  mixtures 
was  relatively  constant.  The  aggregate  gradations  for  the  three  mixtures 


Location 


Interstate  55 


Pope  AFB 


Lajes  AFB 


Aggregate  Gradation 
(Sieve  Size) 


Aggregate  Absorp¬ 
tion  (10,  11) 


1 


S 


TABLE  5. --Mix  Designs  for  Material  from  Pope  Air  Force  Base 


for  Pope  AFB  met  the  recommended  requirements,  and  there  was  very  little 
difference  between  the  measured  gradations.  The  biggest  difference  in 
the  gradation  of  the  three  mixtures  occurred  in  the  recycled  mixture  con¬ 
taining  the  recycling  agent.  This  mixture  had  6.0  percent  passing  the 
No.  200  sieve,  greater  than  the  4.5  percent  for  the  conventional  mixture 
and  the  4.8  percent  for  the  recycled  mixture  with  AC-5  asphalt  cement  as 
the  additional  binder.  Optimum  asphalt  contents  differed  greatly,  also. 
The  recycled  mixture  using  the  recycling  agent  required  only  5.9  percent 
total  binder,  while  the  conventional  mixture  required  7.0  percent  and  the 
recycled  mixture  using  AC-5  asphalt  cement  required  7.1  percent  total 
binder.  This  difference  in  optimum  asphalt  content  is  due  to  differences 
in  laboratory  density,  which  is  probably  partially  due  to  the  greater 
percentage  of  material  passing  the  No.  200  sieve  in  the  recycled  mixture 
containing  recycling  agent  and  may  be  partially  due  to  the  increased 
lubricating  effect  of  the  recycling  agent. 

Table  6  is  a  summary  of  the  mix  designs  conducted  on  the  three 
mixtures  representing  the  material  from  Lajes  Air  Force  Base.  Aggregate 
gradations  for  the  three  mixtures  are  nearly  equal.  The  conventional 
mixture,  when  compared  to  the  recycled  mixtures,  does  have  a  lower  amount 
of  material  passing  the  No.  200  sieve;  and,  yet,  it  has  a  higher  amount 
passing  the  Nos.  30,  50,  and  100  sieves.  Optimum  asphalt  contents  vary 
greatly  between  the  conventional  mixture  and  the  recycled  mixtures;  the 
conventional  mixture  required  5.4  percent  asphalt,  while  the  recycled 
mixtures  required  6.6  percent  when  AC-5  was  used  and  7.0  percent  when  the 
recycling  agent  was  used.  This  variation  in  asphalt  content  was  due  to 
the  fact  that  the  compactibility  of  the  various  mixtures  was  different 
as  reflected  by  significant  differences  in  unit  weight  between  the  three 
mixtures . 

Table  7  is  a  summary  of  the  mix  designs  conducted  for  the  three  mix¬ 
tures  representing  the  material  from  Interstate  55.  The  aggregate  grada¬ 
tion  of  the  three  mixtures  is  very  similar;  however,  the  amount  of  mate¬ 
rial  passing  the  No.  200  sieve  is  slightly  higher  for  the  recycled  mix¬ 
ture  containing  the  recycling  agent  than  for  the  other  two  mixtures.  The 
test  properties  such  as  stability,  flow,  unit  weight,  voids  total  mix  and 
voids  filled  with  asphalt  are  similar  for  the  three  mixtures.  The  opti¬ 
mum  asphalt  content  for  the  recycled  mixture  containing  recycling  agent 


60%  RAP  60%  RAP 

Conventional  40%  New  Aggregate  40%  New  Aggregate 


Unit  Weight,  pcf  --  151.6  146.8  144.9 


is  significantly  lower  than  the  optimum  asphalt  content  determined  for 
the  other  two  mixtures. 


The  optimum  mixtures  to  be  evaluated  in  this  study  are  summarized  in 
Table  8.  Since  crushed  gravel  was  used  as  the  new  aggregate  for  the 
material  from  Pope  Air  Force  Base  and  Interstate  55,  the  conventional 
mixtures  are  the  s?me  for  these  two  locations. 

Evaluation  of  Asphalt  Cement  for  Each  Mixture 

Samples  of  the  new  asphalt  cement  and  samples  of  the  blended  asphalt 
cement  for  the  recycled  mixtures  were  tested  to  determine  the  asphalt 
cement  properties.  These  tests  were  conducted  on  the  asphalt  binder 
initially,  on  the  asphalt  binder  after  the  rolling  thin-film  oven  test, 
and  on  the  asphalt  binder  extracted  and  recovered  from  the  laboratory 
prepared  asphalt  mixtures. 

A  summary  of  the  test  results  on  the  original  blended  asphalt  binder 
is  shown  in  Table  9.  These  test  results  represent  the  properties  of  the 
blended  binder  prior  to  mixing.  The  recycled  mixtures  were  designed  to 
produce  a  combined  binder  having  a  penetration  between  60  and  100.  For 
comparison,  Mix  B  was  designed  to  produce  an  asphalt  penetration  below 
60.  The  test  results  presented  in  Table  9  are  comparable  to  those  of 
new  asphalt  cements  prior  to  mixing.  The  properties  of  the  combined 
asphalt  binder  generally  meet  the  requirements  for  AC-20  or  AC-40  asphalt 
cement.  For  example,  Mixes  A,  D,  E,  F,  and  H  have  properties  approxi¬ 
mately  equal  to  those  specified  for  AC-20  (13),  Mixes  C  and  G  have  prop¬ 
erties  approximately  equal  to  those  specified  for  AC-40,  and  Mix  B  is 
much  more  viscous  than  AC-40  asphalt  cement. 

Table  10  presents  test  results  on  the  asphalt  binders  after  the 
rolling  thin-film  oven  test.  These  test  results  approximate  the  proper¬ 
ties  of  the  asphalt  binder  after  being  mixed  and  placed  in  the  field. 

The  data  show  that  the  recycled  mixtures  produced  with  recycling  agent 
have  a  retained  penetration  between  40  and  45,  while  the  other  mixtures 
have  retained  penetrations  greater  than  55.  This  lower  retained  penetra¬ 
tion  for  the  blend  of  asphalt  cement  and  recycling  agent  is  also  re¬ 
flected  by  a  greater  weight  loss  during  the  rolling  thin-film  oven  test. 
The  tendency  for  a  greater  weight  loss  and  lower  retained  penetration 


TABLE  8. --Identification  of  Mixes  Evaluated 
in  this  Study 


Identification 


Description 


100  percent  new  limestone  aggregate  with 
5.4  percent  AC-20  asphalt  binder 

40  percent  new  limestone  aggregate  and  60  percent 
reclaimed  asphalt  pavement  from  Lajes  Air  Force 
Base  with  3.5  percent  AC-5  asphalt  binder  added 

40  percent  new  limestone  aggregate  and  60  percent 
reclaimed  asphalt  pavement  from  Lajes  Air  Force 
Base  with  3.9  percent  recycling  agent  added 

60  percent  new  crushed  gravel  and  40  percent 
reclaimed  asphalt  pavement  from  Pope  Air  Force 
Base  with  5.1  percent  AC-5  asphalt  binder  added 

100  percent  new  crushed  gravel  with  7.1  percent 
AC-20  asphalt  binder 

30  percent  new  crushed  gravel  and  70  percent 
reclaimed  asphalt  pavement  from  Pope  Air  Force 
Base  with  2.6  percent  recycling  agent  added 

60  percent  new  crushed  gravel  and  40  percent 
reclaimed  asphalt  pavement  from  Interstate  55 
with  5.6  percent  AC-5  asphalt  binder  added 


30  percent  new  crushed  gravel  and  70  percent 
reclaimed  asphalt  pavement  from  Interstate  55 
with  3.8  percent  recycling  agent  added 
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TABLE  10. — Tests  on  Blended  Asphalt  Binder 
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for  recycled  mixtures  with  recycling  agent  indicates  a  reduction  in 
durability  for  these  mixtures. 

Test  results  on  the  asphalt  binder  extracted  and  recovered  from  the 
asphalt  concrete  beams  used  for  the  fatigue  tests  are  shown  in  Table  11. 
These  test  results  also  approximate  the  property  of  the  binders  after 
being  placed  in  the  field.  The  test  results  shown  in  Tables  10  and  11 
are  similar,  indicating  that  the  rolling  thin-film  oven  test  modifies  the 
properties  of  the  asphalt  binder  approximately  the  same  as  preparation  of 
the  asphalt  concrete  samples  in  the  laboratory. 

Asphalt  Mixture  Test  Results 

The  recycled  and  conventional  asphalt  concrete  mixtures  were  tested 
to  evaluate  the  following  properties: 

1.  Marshall  stability  before  and  after  water  conditioning. 

2.  Indirect  tensile  strength  before  and  after  water  conditioning. 

3.  Resilient  modulus. 

4.  Controlled  stress  flexural  fatigue  resistance. 

Marshall  Stability  Test 

Results  of  stability  tests  conducted  on  the  mixtures  after  soaking 
in  water  for  30  minutes,  after  water  soaking  for  24  hours,  and  after 
vacuum  saturating  and  water  soaking  for  24  hours  are  shown  in  Table  12. 
Seven  of  the  eight  mixtures  met  the  Corps  of  Engineers  requirement  of 
1800-lb  (817  kg)  minimum  stability  (Tables  5,  6,  and  7).  Mix  F  had  a 
stability  of  1785  lb  (810  kg).  Each  mixture  prepared  for  the  water  sus¬ 
ceptibility  test  generally  had  approximately  the  same  stability  as  that 
measured  during  the  mixture  design  (Table  12);  however,  the  results  for 
Mix  H  did  show  a  large  deviation  from  the  mixture  design  test  results. 

The  asphalt  recovered  from  the  RAP  used  to  prepare  Mix  H  had  a  penetra¬ 
tion  of  4  and  the  recovered  asphalt  content  was  only  3.5  percent.  The 
low  asphalt  content  and  low  asphalt  penetration  in  the  RAP  and  the  high 
percentage  of  RAP  used  to  prepare  Mix  H  (70  percent)  made  it  difficult 
to  properly  blend  this  recycled  mixture  in  the  laboratory,  which  probably 
led  to  a  highly  variable  mixture.  The  high  variability  between  the 
samples  of  Mix  H  prepared  for  water  susceptibility  testing  as  shown  in 
Table  12  supports  this. 
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TABLE  11. — Tests  on  Asphalt  Binder  Recovered  from 
Asphalt  Concrete  Beams  Used  for  Fatigue  Tests* 


Descriptions  of  Mixes  A-H  are  provided 


TABLE  12. — Marshall  Stability  Before  and  After  Water  Soaking 


Mix 

Identification* 

Sample 

No. 

Marshall 

Stability 

lb 

Marshall 

24-hr 

Stability  After 
Immersion 

Marshall  Stability  After 
Vacuum  Saturation  and 
24-hr  Immersion 

Pounds 

Percent  of 
Original 

Pounds 

Percent  of 
Original 

A 

1 

2046 

2328 

2166 

2 

2092 

2166 

1783 

3 

2367 

2367 

2067 

Average 

2168 

2287 

105.5 

2005 

92.5 

B 

1 

3200 

2862 

3467 

2 

2912 

2917 

2725 

3 

3350 

2850 

2575 

Average 

3154 

2876 

91.2 

2922 

92.6 

C 

1 

2400 

2633 

2588 

2 

2900 

2220 

2328 

3 

2472 

2032 

2582 

Average 

2591 

2295 

88.6 

2481 

95.8 

D 

1 

2057 

1895 

763 

2 

2256 

1628 

893 

3 

2186 

2162 

884 

Average 

2166 

1895 

87.5 

847 

39.1 

E 

1 

1925 

1535 

559 

2 

2092 

1644 

872 

3 

1587 

676 

Average 

2008 

1589 

79.1 

702 

35.0 

F 

1 

1867 

1650 

1767 

2 

1912 

1612 

1583 

3 

1508 

1712 

1583 

Average 

1726 

1658 

96.1 

1644 

95.2 

G 

1 

2096 

1440 

787 

2 

1984 

1224 

1056 

3 

2124 

1604 

1040 

Average 

2068 

1423 

68.8 

961 

46.5 

H 

1 

1200 

1 167 

860 

2 

1424 

1600 

1100 

3 

2025 

1500 

1288 

Average 

1550 

1422 

91.7 

1083 

69.9 

Descriptions  of  Mixes  A-H  are  provided  in  Table  8. 
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The  24-hour  static  immersion  test  results  indicate  that  the  retained 
stability  for  Mix  G  was  68.8  percent,  which  is  below  the  75  percent 
minimum  recommended  by  the  Corps  of  Engineers.  Mix  E,  which  has  a  re¬ 
tained  stability  of  79.1  percent,  was  barely  satisfactory. 

A  more  severe  water  susceptibility  test  which  includes  vacuum- 
saturating  the  samples  prior  to  soaking  for  24  hours  indicates  that  some 
of  the  mixtures  have  considerably  lower  retained  stabilities  than  other 
mixtures.  For  instance,  the  retained  stabilities  for  Mixes  E,  G,  and  H 
appear  to  be  lower  than  those  for  Mixes  A,  B,  C,  and  F. 

Indirect  Tensile  Test 

The  indirect  tensile  test  was  conducted  on  each  mixture  at  tempera¬ 
tures  of  77°F  and  40°F.  The  vertical  load,  vertical  deformation,  and 
horizontal  deformation  were  measured  during  the  test  and  used  to  compute 
the  tensile  strength,  stiffness  modulus  (secant  at  failure),  and  tensile 
strain  at  failure.  The  computed  indirect  tensile  strength  is  shown  in 
Table  13  for  each  mixture  at  77°F  and  in  Table  14  for  each  mixture  at 
40°F. 

The  tensile  strain  at  failure  is  particularly  important  at  the  lower 
temperature  as  a  measure  of  cracking  that  would  be  caused  by  thermal 
shrinkage  of  the  asphalt  concrete  at  these  low  temperatures.  At  40°F, 
the  mixtures  with  the  lowest  tensile  strength  generally  produced  the 
highest  tensile  strain  at  failure. 

Indirect  tensile  tests  were  conducted  on  samples  of  the  eight  mix¬ 
tures  after  immersion  in  water  for  24  hours  and  after  vacuum  saturating 
and  soaking  for  24  hours.  The  results  of  these  tests  are  shown  in 
Tables  15  and  16.  The  effect  of  water  is  generally  measured  by  the 
change  in  tensile  strength  after  water  conditioning  the  samples.  The 
effect  of  water  conditioning  on  strain  to  failure  and  stiffness  modulus 
of  the  samples  was  also  measured. 

An  analysis  of  variance  was  conducted  on  the  measured  tensile 
strength,  tensile  strain  at  failure,  and  stiffness  modulus  (secant  at 
failure)  for  the  eight  mixtures  shown  in  Tables  13  and  14  to  determine  if 
the  mixture  type  had  a  significant  effect  on  the  measured  test  results. 

At  77°F,  the  critical  F  values  for  strength,  strain,  and  stiffness 
modulus  were  4.28  (a  =  0.05)  in  all  three  cases,  while  the  computed  F 
values  were  22.22,  5.30,  and  12.95,  respectively.  At  40°F,  the  critical 
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TABLE  13. — Tensile  Strength,  Stiffness  Modulus  (Secant  at  Failure) 
and  Failure  Strain  Obtained  from  Indirect  Tensile  Test  at  77°F 


Tensile 

Strain  at 

Stiffness 

Mix* 

Sample 

Strength 

Failure 

Modulus 

Identification 

No. 

psi 

in. /in. 

psi 

Average 


Average 


Average 


Average 


Average 


Average 


Average 


69.7 

100.0 

102.9 


133.7 

135.1 

152.1 


0.0051 

22,400 

0.0051 

22,300 

0.0051 

23,500 

0.0026 

38,800 

0.0015 

58,700 

0.0021 

50,700 

0.0021 

49,400 

0.0051 

9,500 

0.0056 

7,900 

0.0036 

12,500 

0.0048 

10,000 

0.0062 

11,300 

0.0051 

19,500 

0.0046 

22,300 

0.0053 

17,700 

0.0051 

26,100 

0.0051 

26,300 

0.0051 

29,700 

0.0051 

27,400 

0.0051 

19,900 

0.0051 

19,200 

0.0051 

18,500 

0.0051 

0.0051 

0.0041 


0.0046 

22,000 

0.0036 

25,900 

0.0031 

32,300 

0.0046 

16,700 

Average  89.8  0.0038 


Descriptions  of  Mixes  A-H  are  provided  in  Table  8 
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TABLE  14. --Tensile  Strength,  Stiffness  Modulus  (Secant  at  Failure), 
and  Failure  Strain  Obtained  from  Indirect  Tensile  Test  at  40°F 


Mix* 

Identification 

Sample 

No. 

Tensile 

Strength 

psi 

Strain  at 
Failure 
in. /in. 

Stiffness 

Modulus 

psi 

A 

1 

390.5 

0.0010 

380,700 

2 

354.2 

0.0013 

276,200 

3 

390.5 

0.0021 

190,400 

Average 

378.4 

0.0015 

282,400 

B 

1 

284.3 

0.0013 

221,700 

2 

267.1 

0.0015 

173,600 

3 

261.0 

0.0021 

127,200 

Average 

270.8 

0.0016 

174,200 

C 

1 

239.2 

0.0023 

103,700 

2 

254.0 

0.0023 

110,100 

3 

252.4 

0.0041 

61,500 

Average 

248.5 

0.0029 

91,800 

D 

1 

283.1 

-  _ 

_  _ 

2 

358.7 

0.0021 

174,900 

3 

312.2 

0.0008 

405,900 

Average 

318.0 

0.0014 

290,400 

E 

1 

2 

412.9 

0.0015 

268,400 

3 

452.8 

0.0008 

588,600 

Average 

432.8 

0.0012 

428,500 

F 

1 

499.5 

0.0013 

389,600 

2 

484.6 

0.0010 

472,500 

3 

447.8 

0.0005 

873,200 

Average 

477.3 

0.0009 

578,400 

G 

1 

307.9 

0.0031 

100,100 

2 

336.5 

0.0026 

131,200 

3 

371.8 

0.0026 

145,000 

Average 

338.7 

0.0028 

125,400 

H 

1 

416.6 

0.0015 

270,800 

2 

434.0 

0.0015 

282,100 

3 

394.4 

0.0015 

256,400 

Average 

415.0 

0.0015 

269,800 

Descriptions  of  Mixes  A-H  are  provided  in  Table  8. 


TABLE  15. — Tensile  Strength,  Stiffness  Modulus  (Secant  at  Failure),  and  Failure 
Strain  Obtained  from  Indirect  Tensile  Test  After  Soaking  Samples  for  24  Hours 
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Descriptions  of  Mixes  A-H  are  provided  in  Table 
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F  values  for  strength,  strain,  and  stiffness  modulus  were  4.14,  4.28,  and 
4.28  (a  =  0.05),  while  the  computed  F  values  were  29.98,  4.40,  and  4.40, 
respectively.  Hence,  the  analysis  of  variance  indicated  that  mixture  type 
did  have  a  significant  effect  on  the  measured  properties  and  Fisher's 
least  significant  difference  (LSD)  was  used  to  make  pair-wise  comparisons 
to  determine  which  mixtures  were  significantly  different  (57).  The  LSD 
was  determined  by  the  following  equation: 


LSD  =  t 


where 

LSD  =  least  significant  difference 
t ^2  =  critical  t-value  (a  =  0.05) 

2 

S^  =  within-sample  variability 
n^  =  sample  size  for  population  i 
n^  =  sample  size  for  population  j 

When  the  difference  between  the  properties  of  two  mixtures  exceeded  the 
LSD  value  determined,  the  properties  of  the  two  mixtures  were  determined 
to  be  significantly  different.  The  results  of  the  desired  pair-wise  com¬ 
parisons  are  shown  in  Table  17. 

Resilient  Modulus  Test 

The  resilient  modulus  was  determined  for  the  mixtures  at  40°F  and 
77°F  (Table  18)  at  a  frequency  of  20  cycles  per  minute  and  load  duration 
of  0.1  seconds.  The  test  results  indicate  that  the  resilient  modulus  at 
40°F  is  generally  1.5  to  3  times  greater  than  that  measured  at  77°F. 
Controlled  Stress  Fatigue  Tests 

The  results  of  controlled  stress  fatigue  tests  as  a  function  of 
stress  for  Mixes  A-H  at  40°F  and  77°F  are  shown  in  Figs.  4-11.  Regres¬ 
sion  analysis  of  the  data  for  each  of  the  mixtures  at  40°F  and  77°F  was 
conducted  using  the  following  general  linear  model: 


Log  N f  =  Log  K1  +  nt  Log  - 


The  constants  and  nj  were  determined  from  the  regression  analysis 

for  each  of  the  mixtures  at  the  two  test  temperatures.  Table  19  is  a 


FIG.  4. — Fatigue  Results  for  Mix  A  as  a  Function  of  Bending  Stress 
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Fatigue  Results  for  Mix  D  as  a  Function  of  Bending  Stress 


Results  for  Mix  E  as  a  Function  of  Bending  Stress 
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FIG.  11. — Fatigue  Results  for  Mix  H  as  a  Function  of  Bending  Stress 


Temperature 

°F 


Regression 

Constant 

K, 


Regression 

Constant 

n. 


Coefficient 

of 

Determination 

2 


6.50 

X 

10 

1.31 

X 

10 

2.75 

X 

10 

4.57 

X 

10 

6.64 

X 

10 

3.37 

X 

10 

2.86 

X 

io' 

3.98 

X 

10 

1.14 

X 

io' 

1.09 

X 

10 

4.16 

X 

10 

1.86 

X 

10 

1.43 

X 

io' 

1.11 

X 

10 

1.62 

X 

10! 

2.51 

X 

10 

Descriptions  of  Mixes  A-H  are  provided  in  Table  8. 


summary  of  the  results  of  the  regression  analysis  for  extreme  fiber 
bending  stress  versus  cycles  to  failure. 

These  results  show  for  the  constant  stress  mode  of  loading  that  the 
mixtures  at  40°F  have  higher  fatigue  lives  than  the  mixtures  at  77°F. 

This  occurs  because  the  mix  is  stiffer  at  40°F  which  typically  results 
in  higher  fatigue  life  for  the  constant  stress  mode  of  loading.  For  most 
of  the  mixtures,  the  best-fit  lines  for  test  results  obtained  at  40°F 
and  77°F  are  approximately  parallel. 

The  coefficient  of  determination,  r^  ,  for  the  mixtures  shown  in 
Table  19  ranged  from  0.61  to  0.98.  Eight  of  the  sixteen  regressions  had 


an  r  greater  than  0.90.  This  is  a  high  degree  of  correlation  for 
bituminous  mixtures,  which  generally  show  a  large  amount  of  variability. 

O 

The  extimated  values  of  at  77°F  varied  from  1.62  x  10  to  2.75  x 

1013  ,  while  at  40°F,  K1  varied  from  3.37  x  1012  to  4.57  x  1018  . 

The  estimated  values  of  n^  at  77°F  varied  from  3.75  to  9.53  while  n^ 

at  40°F  varied  from  4.41  to  4.88.  These  results  compare  favorably  with 

those  results  presented  by  Monismith  et  al.  (56).  For  instance, 

Monismith  et  al.  showed  that  K1  for  two  mixtures  at  40°F  ranged  from 
1.55  x  101  to  1.16  x  101  ,  while  n^  for  these  two  mixtures  ranged 

from  4.97  to  5.71.  Also,  K,  for  three  mixtures  between  68°  and  83°F 

1  o  ^  I  £ 

ranged  from  4.03  x  101  to  1.55  x  101  ,  while  n^  for  these  three 
mixtures  ranged  from  4.97  to  5.71.  Based  on  these  measured  values,  it 
appears  that  the  magnitude  of  is  affected  by  test  temperatures,  but 

n^  is  not.  The  constant  n^  does  appear  to  vary  more  between  mixtures 
at  77°F  than  at  40°F. 

The  fatigue  results  for  initial  bending  strain  are  presented  in 
Figs.  12-19.  The  general  linear  model  used  for  this  analysis  is 

Log  Nf  =  Log  K2  +  n2  Log  -  (18) 

Sr 

The  regression  constants  K2  and  n2  are  shown  in  Table  20  for  each  of 
the  eight  mixtures  at  40°F  and  77°F.  The  results  of  these  tests  indi¬ 
cated  that  the  mixtures  tested  at  77°F  generally  provided  higher  fatigue 
results  for  a  given  initial  bending  strain  than  the  mixtures  tested  at 
40°F.  The  slope  of  the  line  for  stress  applications  to  failure  at  40°F 
is  generally  steeper  than  the  slope  at  77°F;  thus,  the  two  lines  gen¬ 
erally  approach  a  common  point  at  a  high  number  of  stress  applications. 

The  coefficient  of  determination,  r  ,  for  the  best-fit  lines  for 
initial  bending  strain  versus  stress  applications  to  failure  varies  from 

0.72  to  0.98,  a  high  degree  of  correlation  for  bituminous  mixtures. 

2 

Eight  of  the  sixteen  mixtures  had  r  greater  than  0.90.  The  estimated 
values  of  K2  at  77°F  varied  from  1.61  x  10  8  to  8.2  x  10  3  ,  while 
at  40°F,  K2  varied  from  1.11  x  10  ^  to  4.26  x  10  3  .  The  estimated 
values  of  n2  at  77°F  varied  from  2.00  to  3.78,  while  at  40°F,  n2 
varied  from  2.50  to  4.21.  Again,  the  results  obtained  for  K2  and  n2 
compare  favorably  with  the  results  presented  by  Monismith  et  al.  (56). 


Results  for  Mix  A  as  a  Function  of  Initial  Bending  Strain 


-Fatigue  Results  of  Mix  B  as  a  Function  of  Initial  Bending  Strain 


Function  of  Initial  Bending  Strain 


Fatigue  Results  of  Mix  D  as  a  Function  of  Initial  Bending  Strain 


Bending  Strain 


Fatigue  Results  of  Mix  F  as  a  Function  of  Initial  Bending  Strain 


Fatigue  Results  of  Mix  G  as  a  Function  of  Initial  Bending  Strain 


FIG.  19. — Fatigue  Results  of  Mix  H  as  a  Function  of  Initial  Bending  Strain 


TABLE  20. — Fatigue  Results  for  Strain  in  Extreme  Fiber 


Coefficient 

Mix* 

Type 

Temperature 

°F 

Regression 

Coefficient 

K2 

Regression 

Coefficient 

n2 

of 

Determination 

2 

r 

A 

77 

40 

1.12  x  10'8 

4.26  x  lO-3 

2.86 

2.50 

0.97 

0.72 

B 

77 

40 

2.97  x  io"J. 
1.11  x  10-ii 

3.10 

4.21 

0.86 

0.88 

C 

77 

40 

1.61  x  10"8 

2.74  x  10_y 

3.78 

3.62 

0.88 

0.92 

D 

77 

40 

8.20  x  10"8 

6.00  x  10_/ 

2.00 

3.06 

0.91 

0.92 

E 

77 

40 

1.40  x  10_8 

5.64  x  10-8 

2.20 

3.39 

0.88 

0.88 

F 

77 

40 

4.83  x  10-8 

2.00  x  10 

2.58 

3.22 

0.83 

0.96 

G 

77 

40 

6.00  x  10-^ 

3.01  x  10  1U 

2.88 

3.99 

0.98 

0.98 

H 

77 

40 

6.19  x  10-8 

5.13  x  10 

2.52 

3.14 

0.86 

0.93 

*  Descriptions  of  Mixes  A-H  are  provided  in  Table  8. 


Monismith  showed  that  at  test  temperatures  between  68°  and  83°F, 

varied  from  2.90  to  3.45,  while  at  40°F,  n^  varied  from  4.08  to  4.17. 

They  showed  that  at  test  temperatures  between  68°  and  83°F,  varied 

from  6.38  x  10_6  to  3.70  x  lo"8  ,  while  at  40°„  „„  .  ,  , 

F,  K2  varied  from 

-  1 1  - 1 2 

5.20  x  lo  to  8.35  x  10  .  Based  on  these  measured  values,  the 

magnitude  of  was  lower  at  40°F  than  at  77°F  and  the  magnitude  of  n^ 

was  slightly  higher  at  40°F  than  at  77°F. 

A  comparison  of  the  fatigue  results  of  conventional  mixtures  and  re¬ 
cycled  mixtures  from  each  of  the  three  sample  locations  was  made.  These 
comparisons,  made  at  the  two  test  temperatures  for  bending  stress  and 
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initial  bending  strain,  are  shown  in  Figs.  20-31.  The  fatigue  test  re¬ 
sults  as  a  function  of  initial  bending  strain  generally  show  that  the 
recycled  mixtures  performed  as  well  as  conventional  mixtures  in  fatigue. 
The  recycled  Mixes  D,  F,  and  G  have  approximately  the  same  fatigue  life 
as  the  corresponding  conventional  mixture.  When  expressed  as  a  function 
of  bending  stress,  however,  recycled  Mixes  B,  C,  and  H  have  lower  fatigue 
resistance  when  compared  to  the  conventional  mixtures. 


for  Mixes  from  Lajes  Air 


FIG.  21. — Fatigue  Results  at  40°F  for  Mixes  from  Lajes  Air 
Force  Base  as  a  Function  of  Bending  Stress 


77°F  for  Mixes  from  Pope  Air 
Bending  Stress 


FIG.  23. — Fatigue  Results  at  40°F  for  Mixes  from  Pope  Air 
Force  Base  as  a  Function  of  Bending  Stress 


Results  at  40°F  for  Mixes  from  Interstate  55 
ending  Stress 


7°F  for  Mixes  from  Lajes  Air 
Ltial  Bending  Strain 


FIG.  27. — Fatigue  Results  at  40°F  for  Mixes  from  Lajes  Air 
Force  Base  as  a  Function  of  Initial  Bending  Strain 


Fatigue  Results  at  40°F  for  Mixes  from  Pope  Air 
as  a  Function  of  Initial  Bending  Strain 


FIG.  31. — Fatigue  Results  at  40°F  for  Mixes  from  Interstate  55 
as  a  Function  of  Initial  Bending  Strain 


PART  VI:  DISCUSSION  OF  RESULTS 


Durability 

Durability  of  an  asphalt  binder  is  the  ability  of  that  binder  to  re¬ 
sist  a  change  in  properties.  One  method  of  determining  the  durability  of 
an  asphalt  binder  is  to  determine  its  properties  before  and  after  con¬ 
ducting  the  rolling  thin-film  oven  test.  A  large  change  in  properties 
is  an  indication  of  reduced  durability.  The  computed  retained  penetra¬ 
tion  at  40°F  and  77°F  for  the  eight  mixtures  (derived  from  Tables  9  and 
10)  is  shown  in  Table  21.  These  test  results  indicate  that  the  recycled 
mixtures  with  recycling  agent  (Mixes  C,  F,  and  H)  have  a  lower  retained 
penetration  than  the  other  mixtures.  A  change  in  properties  for  mix¬ 
tures  C,  F,  and  H  would  be  greater  than  for  the  other  mixtures,  espe¬ 
cially  during  plant  production.  The  recycled  mixtures  with  the  AC-5 
asphalt  binder  added  (Mixes  B,  D,  and  G)  had  the  smallest  change  in  prop¬ 
erties  after  the  thin-film  oven  test.  This  is  an  indication  that  dura¬ 
bility  of  these  recycled  mixtures  with  AC-5  asphalt  cement  would  be 
greater  than  the  durability  for  the  other  recycled  and  conventional  mix¬ 
tures  and  the  durability  of  the  recycled  mixtures  prepared  with  recycling 
agent  may  be  less  than  that  for  conventional  mixtures.  Puzinauskas 


TABLE  21 . --Retained  Penetration  and  Viscosity 
Ratio  After  Rolling  Thin-Film  Oven  Test 


Mix* 

Identification 

Retained 

Penetration 

77°F 

percent 

Retained 

Penetration 

40°F 

percent 

Viscosity 

Ratio 

140°F 

A 

56.8 

57.1 

3.2 

B 

68.6 

78.3 

7.1 

C 

40.3 

58.1 

5.4 

D 

64.0 

68.2 

4.3 

E 

56.8 

57.1 

3.2 

F 

44.3 

39.3 

3.2 

G 

58.0 

83.8 

6.2 

H 

45.0 

45.1 

3.1 

*  Descriptions  of  Mixes  A-H  are  provided  in  Table  8. 


showed  that  most  AC-20  asphalt  cements  have  retained  penetration  values 
between  55  and  75  (63).  The  recycled  asphalt  cement  obtained  by  mixing 
AC-5  and  the  recovered  asphalt  cement  had  higher  retained  penetrations, 
while  the  recycled  asphalt  cement  obtained  by  mixing  recycling  agent  and 
the  recovered  asphalt  cement  had  lower  retained  penetrations. 

The  viscosity  ratio  (Table  21)  was  determined  by  dividing  the  vis¬ 
cosity  of  the  blended  asphalt  binders  after  the  rolling  thin-film  oven 
test  by  the  viscosity  of  the  original  blended  binders.  The  viscosity 
ratio  has  also  been  used  as  a  relative  measure  of  the  durability  of  an 
asphalt  binder.  For  the  tested  mixtures,  the  viscosity  ratio  ranged 
from  3.1  to  7.1.  Anderson  and  Dukatz  (14)  tested  a  number  of  asphalt 
cements  and  found  that  in  general  the  viscosity  ratio  for  most  asphalt 
cements  is  between  2.0  and  3.5.  Puzinauskas  showed  that  asphalt  cements 
generally  have  a  viscosity  ratio  between  1.5  and  3.0  (63).  One  probable 
reason  for  the  viscosity  ratio  being  higher  in  this  study  is  that  the 
asphalt  is  not  a  new  asphalt  cement;  whereas,  the  test  results  from  the 
two  previously  mentioned  studies  were  obtained  from  new  asphalt  cements. 

The  conclusions  obtained  from  the  viscosity  ratio  for  these  mixes 
generally  do  not  agree  with  those  conclusions  obtained  from  the  retained 
penetration  results.  The  asphalt  binders  with  the  lowest  viscosity  ratio 
should  provide  the  most  durable  mixtures.  This  would  indicate  that 
Mixes  A,  E,  F,  and  H  would  perform  better  than  the  remaining  mixes,  and 
the  recycled  mixtures  with  the  AC-5  asphalt  cement  added  would  provide 
the  lowest  durability.  However,  the  later  mixtures  provided  the  best 
performance  based  on  the  retained  penetration.  One  reason  for  the  dis¬ 
agreement  between  the  two  methods  may  be  the  fact  that  the  penetration 
test  was  conducted  at  40°F  and  77°F,  while  the  viscosity  test  was  con¬ 
ducted  at  140°F. 

Kandhal  and  Wenger  have  shown  that  the  retained  penetration  and 
viscosity  ratio  after  pugmi 1 1  mixing  is  similar  to  that  obtained  after 
the  thin-film  oven  test  (46).  This  indicates  that  the  rolling  thin-film 
oven  test  can  be  used  to  predict  the  changes  in  asphalt  properties  when 
asphalt  concrete  is  produced  at  an  asphalt  plant. 

Low  Temperature  Cracking 

Gaw  (39)  presented  a  nomograph  that  has  been  used  to  predict  the 


ASPHALT  PENETRATION  AT  25°C 


temperature  at  which  transverse  cracking  will  occur.  The  nomograph 
(Figure  32)  uses  the  asphalt  penetration  at  77°F  (25°C)  and  40°F  (5°C) 
to  predict  performance  of  asphalt  concrete  mixtures  in  the  field.  Using 
the  properties  of  the  asphalt  cements  shown  in  Table  11,  the  temperature 
at  which  each  of  the  mixtures  will  crack  was  then  determined  (Table  22). 
These  results  indicate  that  cracking  of  the  recycled  mixtures  evaluated 
occurs  at  a  lower  temperature  in  general  than  the  temperature  at  which 
the  conventional  mixtures  would  crack.  Based  on  the  nomograph,  the  con¬ 
ventional  mixes  (A  and  E)  would  crack  at  -38°C,  while  the  various  re¬ 
cycled  mixes  would  crack  at  temperatures  between  -38°C  and  -50°C. 

Kandhal  (45)  has  stated  that  mixtures  with  high  ductility  values, 
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Mix 

Identification 


Temperature  at 
Which  Cracking 
Will  Occur 


A 

-38oC 

B 

-40°C 

C 

-40°C 

D 

-50°C 

E 

-38°C 

F 

-43°C 

G 

-50°C 

H 

-38°C 

*  Descriptions  of  Mixes  A-H  are  provided  in  Table  8. 


when  measured  at  low  temperatures,  are  less  susceptible  to  cracking  than 
mixtures  with  low  ductility  values  at  this  same  temperature.  This  is 
reasonable  since  the  ductility  is  an  indication  of  brittleness  of  an 
asphalt  binder  and,  thus,  an  indicator  of  potential  cracking  that  may 
occur  during  the  performance  life  of  the  pavement.  The  asphalt  binder 
recovered  from  samples  of  the  laboratory  prepared  asphalt  mixtures  had 
ductility  values  between  3  and  6  at  40°F  (Table  11).  This  small  varia¬ 
tion  in  ductility  does  not  allow  conclusions  to  be  drawn  from  the  test 
results  concerning  differences  in  quality  of  the  various  combined  asphalt 
cements.  The  results  do  indicate  that  for  the  ductility  test  to  be  bene¬ 
ficial,  it  must  be  conducted  at  a  higher  temperature  (for  instance, 

50°F),  where  the  spread  in  ductility  values  between  various  asphalt  con¬ 
cretes  would  be  greater. 

McLeod  (54)  has  shown  that  a  satisfactory  penetration  of  the  asphalt 
at  77°F  and  a  satisfactory  PVN  are  necessary  to  ensure  good  performance 
at  low  temperatures.  The  higher  PVN  values  describe  an  asphalt  cement 
with  lower  temperature  susceptibility  and,  thus,  a  higher  potential  for 
satisfactory  performance.  The  computed  PVN  values  (Table  23)  indicate 
that  Mixes  B  and  G  would  provide  the  least  temperature-susceptible 
mixtures  while  Mixes  C,  F,  and  H  are  more  temperature  susceptible.  The 
initial  penetration  can  be  controlled  during  the  mix  design;  however,  the 
PVN  is  apparently  inherent  in  the  materials  and  cannot  be  directly 


Table  23. — PVN  Values  for  the  Asphalt  Binders 
Used  in  this  Study 


Mix* 

Identification 


Original 

Blended 

Asphalt 


Asphalt  from 
Rolling  Thin-Film 
Oven  Test 


Asphalt 

Extracted  from 
Asphalt  Mixtures 


Descriptions  of  Mixes  A-H  are  provided  in  Table  8. 

controlled  during  mix  design.  Table  23  shows  that  the  original  blended 
asphalt,  the  asphalt  after  the  rolling  thin-film  oven  test,  and  the 
asphalt  extracted  from  the  asphalt  mixtures  usually  had  approximately 
equal  PVN  values  for  a  particular  mix.  The  type  of  recycling  agent  se¬ 
lected  for  use  in  the  recycled  mixture  can  modify  the  PVN  of  the  exist¬ 
ing  binder.  The  data  in  Table  23  show  that  the  use  of  the  recycling 
agent  produced  a  different  PVN  than  that  produced  with  the  AC-5  cement. 

Tests  conducted  by  Anderson  and  Dukatz  showed  that  the  PVN  of  as¬ 
phalt  cements  is  typically  between  -0.3  and  -1.5  (14).  The  PVN  of  the 
combined  asphalt  cement  for  the  recycled  mixtures  produced  with  AC-5  as¬ 
phalt  cement  was  generally  above  -0.3  which  indicates  these  recycled  mix 
tures  are  less  temperature  susceptible  than  typical  conventional  mix¬ 
tures.  The  PVN  of  the  asphalt  from  the  other  recycled  mixtures  and 
conventional  mixtures  was  generally  between  -0.3  and  -1.5. 

Another  important  property  that  relates  to  the  low  temperature 
cracking  of  asphalt  concrete  is  the  amount  of  tensile  strain  the  mixture 
can  undergo  prior  to  failure.  The  tensile  strain  at  failure  for  a  given 
asphalt  mixture  is  easily  measured  with  the  indirect  tensile  test.  Sine 
low  temperature  cracking  results  from  shrinkage  of  the  asphalt  concrete, 
a  low  tolerance  for  strain  results  in  an  increase  in  low  temperature 
cracking . 

Analysis  of  the  data  indicates  that  the  strain  at  failure  is  relate 
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to  penetration  (Fig.  33).  A  regression  analysis  of  the  data  showed 

S.  F.  =  -0.00053  +  0.00287  log  PN  (19) 

where 

S.  F.  =  strain  at  failure 
PN  =  asphalt  penetration 

The  coefficient  of  determination  for  this  equation  is  0.836.  The  asphalt 
penetration  used  in  this  formula  was  determined  for  the  asphalt  binder 
recovered  from  the  asphalt  mixture  and  tested  at  the  temperature  at  which 
the  strain  at  failure  was  determined.  This  relationship  demonstrates  the 
need  to  use  a  high  penetration  asphalt  binder  to  prevent  low  temperature 
cracking . 

A  similar  relationship  between  the  strain  at  failure  and  the  stiff¬ 
ness  modulus  was  developed  from  the  indirect  tensile  test  results 
(Fig.  34).  The  equation  for  strain  at  failure  as  a  function  of  stiffness 
modulus  was  determined  from  the  following  general  linear  model: 

Log  (S.  F.)  =  A  +  B  Log  (E)  (20) 


where 

S.  F.  =  strain  at  failure 
E  =  stiffness  modulus 

Solving  the  regression  for  A  and  B  and  taking  the  inverse  log  of 
both  sides  of  the  equation  result  in  the  model  below: 

S.  F.  =  0.375(E)’0*442  (21) 

This  model  has  a  coefficient  of  determination  of  0.955.  The  model  indi¬ 
cates  that  an  increase  in  mixture  stiffness  will  result  in  a  decrease  in 
strain  at  failure  and  vice  versa.  Hence,  the  potential  for  temperature 
cracking  in  a  mixture  is  decreased  by  reducing  the  mixture  stiffness. 

Water  Susceptibi lity  Results 

The  adverse  effect  of  water  often  causes  early  failure  of  many 


95 


».«*  •  ✓  ' 


PENETRAT 


-V  =  0.375(Xr0442 


10,000  100,000  1  000,000 

STIFFNESS  MODULUS.  PSI 

FIG.  34. — Relationship  Between  Tensile  Strain  at  Failure  and 
Stiffness  Modulus 

bituminous  concrete  mixtures.  Two  water  conditioning  procedures  (static 
immersion,  and  vacuum  saturation  and  immersion)  were  used  to  condition 
the  mixtures,  and  two  test  procedures  (Marshall  stability  and  indirect 
tensile  strength)  were  used  to  quantitatively  measure  the  effects  of 
water  on  each  of  the  asphalt  concrete  mixtures.  The  results  of  these 
tests  are  shown  in  Tables  12,  15,  and  16. 

An  analysis  of  variance  of  the  test  results  after  water  conditioning 
was  conducted  to  determine  if  the  test  measured  a  significant  difference 
between  the  various  asphalt  mixtures  (57).  The  analysis  of  variance 
showed  a  critical  F  equal  to  4.03  (of  =  0.05)  and  a  computed  F  equal 


to  2.33,  which  indicated  no  significant  difference  between  the  retained 
Marshall  stability  values  for  the  mixtures  when  conditioned  by  the  static 
immersion  method.  Based  on  many  years  of  field  performance  data,  it  was 
known  prior  to  these  tests  that  the  laboratory  stock  crushed  gravel  used 
in  this  study  was  susceptible  to  water  and  the  laboratory  stock  limestone 
aggregate  was  not  adversely  affected  by  the  presence  of  water;  hence,  it 
appeared  that  this  test  method  did  not  provide  satisfactory  rating  of  the 
mixtures.  The  static  immersion  compression  test  showed  a  significant 
difference  between  the  various  mixtures  when  tested  for  indirect  tensile 
strength.  The  critical  F  was  4.28  ( a  =  0.05)  and  the  computed  F  was 
5.04.  The  procedure  of  vacuum  saturating  the  samples  and  immersing  for 
24  hours  showed  a  statistically  significant  difference  between  the  mix¬ 
tures  when  tested  for  both  the  Marshall  stability  and  indirect  tensile 
strength.  The  critical  F  values  were  4.03  and  4.28  (a  =  0.05)  and  the 
computed  F  values  were  19.90  and  5.56,  respectively. 

When  the  analysis  of  variance  showed  a  significant  difference  be¬ 
tween  the  eight  mixtures,  Fisher's  LSD  was  used  to  make  pair-wise 
comparisons  to  determine  which  mixtures  were  significantly  different 
(57).  Only  pair-wise  comparisons  having  practical  significance  were 
conducted. 

A  summary  of  pair-wise  comparisons  of  the  retained  strength  of  mix¬ 
tures  after  water  conditioning  is  shown  in  Table  24.  Other  pair-wise 
comparisons  were  not  made  because  these  comparisons  would  have  no  practi¬ 
cal  engineering  significance.  A  review  of  the  four  sets  of  test  results 
showed  very  littLe  agreement  among  the  methods.  The  retained  stability 
after  24-hour  static  immersion  did  not  show  a  significant  difference  be¬ 
tween  the  various  mixtures.  The  retained  tensile  strength  for  both 
water  conditioning  methods  often  showed  a  slight  drop  or  an  increase  in 
tensile  strength  after  being  conditioned  in  water  (Tables  15  and  16). 

The  retained  stability  after  vacuum  saturation  and  24-hour  immersion 
always  showed  a  decrease  in  stability  after  water  conditioning  (Table  12). 
In  this  case,  the  retained  stabilities  for  mixtures  prepared  with  t he 
crushed  gravel  were  considerably  lower  than  the  retained  stabilities  for 
the  mixtures  prepared  with  limestone  aggregates.  The  results  after 
vacuum  saturation  and  24-hour  immersion  correlate  with  performance  of 
these  mixtures  in  the  field.  It,  therefore,  appears  that  the  best 
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TABLE  24. — Summary  of  Significant  Differences  in  Retained  Strength  of 
Recycled  and  Conventional  Mixtures  After  Water  Conditioning  ( a  =  0.05] 


ihowed  no  statistical  difference  between  mixes  for  retainc 
pair-wise  comparisons  using  Fisher's  LSD  were  made. 


procedure  of  the  four  techniques  used  for  this  study  is  to  vacuum  satu¬ 
rate  the  samples,  immerse  in  water  for  24  hours,  and  measure  the  retained 
stability.  This  procedure  indicates  that  the  conventional  mixture  with 
crushed  limestone  (Mix  A)  performed  better  than  the  conventional  mixture 
with  crushed  gravel  (Mix  E).  Also,  the  recycled  Mixes  F  and  H  performed 
better  than  the  corresponding  conventional  Mix  E.  The  recycled  Mixes  F 
and  H  which  used  recycling  agent  performed  better  than  the  corresponding 
recycled  Mixes  D  and  G  which  used  AC-5  as  the  new  asphalt  binder.  The 
retained  stabilities  for  Mixes  D,  E,  and  G  were  lower  than  50  percent, 
which  is  often  recommended  as  the  minimum  allowable  value  in  evaluating 
bituminous  mixtures.  Based  on  these  results,  the  recycling  agent  ap¬ 
peared  to  improve  the  resistance  of  recycled  Mixes  F  and  H  to  the  adverse 
effects  of  water. 


Analysis  of  Fatigue 

A  review  of  Figs.  22,  23,  26,  27,  30,  and  31  indicates  that  a  mix¬ 
ture  strain  of  0.0001  in. /in.  results  in  approximately  1,000,000  cycles 
to  failure  for  most  mixtures  at  77°F  and  40°F.  The  only  mixtures  that 
appear  to  deviate  significantly  from  this  are  Mix  C  at  77°F  and  Mix  H  at 
40°F.  This  seems  to  indicate  that  a  strain  of  0.0001  in. /in.  in  an 
asphalt  concrete  mixture  produces  as  much  damage  to  the  mixture  at  77°F 
as  it  does  to  the  mixture  at  40°F.  At  higher  strains  such  as  0.001  in./ 
in.,  the  mixtures  at  77°F  clearly  outperform  the  mixtures  at  40°F.  Based 
on  these  flexural  fatigue  tests,  the  tensile  strain  in  an  asphalt  mixture 
should  be  kept  below  0.0001  in. /in.  to  ensure  more  than  1,000,000  cycles 
to  failure  at  either  temperature  investigated. 

Statistical  procedures  were  used  to  determine  if  there  was  evidence 
to  support  a  significant  difference  between  the  recycled  mixtures  and  the 
conventional  mixtures  for  the  models  shown  in  Figs.  20-31.  The  analysis 
of  covariance  (57)  is  used  to  determine  the  effect  caused  by  treatment 
such  as  mixture  type  along  with  the  effect  caused  by  an  independent  vari¬ 
able  such  as  bending  stress  or  initial  bending  strain.  By  using  a  dummy 
variable,  a  general  linear  model  can  be  written  that  includes  the  effect 
of  treatment  along  with  the  effect  of  the  independent  variable.  In  this 
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case,  for  comparison  of  a  conventional  mixture  and  a  recycled  mixture, 
the  general  linear  model  would  be 


Y  =  BQ  +  B1X1  +  B2X2  +  B3XlX2 


where 


BQ,  B^,  B2,  and  B^  =  constants 

X^  =  bending  stress  or  initial  bending  strain 
X2  =  1  if  recycled  mixture;  X2  =  0  otherwise 

Hence,  the  equation  to  determine  the  cycles  to  failure  for  the  conven¬ 
tional  mixture  becomes 


Y  =  Bq  +  BlXl 


and  the  equation  to  determine  the  cycles  to  failure  for  the  recycled  mix¬ 
ture  becomes 


Y  =  (Bfl  +  B2)  +  (B1  +  B3)X1 


To  determine  if  the  slopes  of  the  best-fit  lines  for  the  two  mixtures 
are  significantly  different,  the  null  hypothesis  B3  =  0  was  used.  If 
there  was  insufficient  evidence  based  on  the  F-statistic  to  reject  the 
hypothesis  that  B3  =  0  ,  then  the  slope,  in  this  case  B^  ,  of  the  two 
lines  was  considered  to  be  the  same  for  the  two  mixtures.  If  there  was 
sufficient  evidence  to  reject  the  hypothesis  B3  =  0  ,  then  the  slopes  of 
the  two  lines  were  considered  to  be  different. 

If  there  was  insufficient  evidence  to  reject  the  hypothesis  B3 
=  0  ,  then  the  null  hypothesis  B2  =  0  was  evaluated  to  determine  if 
there  was  a  significant  difference  in  the  intercept  for  the  best-fit 
lines  for  the  mixtures  being  compared.  If  sufficient  evidence  existed  to 
reject  the  hypothesis  B2  =  0  ,  then  the  intercept  was  considered  to  be 
different  for  the  mixtures  evaluated.  This  technique  was  used  to  compare 
each  of  the  recycled  mixtures  to  the  corresponding  conventional  mixture. 

A  summary  of  computed  F  values  used  to  determine  if  there  was  a  sig¬ 
nificant  difference  (at  a  =  0.01  level)  in  slope  or  intercept  between 
the  mixtures  evaluated  is  shown  in  Table  25.  When  the  critical  F  value 
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Mixes* 

Critical 
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m 

Compared 

Mode  of  Comparison 

F  Value 

F 

Value 

D  and  E 


B  and  A  Bending  Stress  -  77°F 

Bending  Stress  -  40°F 

Initial  Bending  Strain 

Initial  Bending  Strain 

C  and  A  Bending  Stress  -  77°F 

Bending  Stress  -  40°F 

Initial  Bending  Strain 

Initial  Bending  Strain 

D  and  E  Bending  Stress  -  77°F 

Bending  Stress  -  40°F 

Initial  Bending  Strain 

Initial  Bending  Strain 

F  and  E  Bending  Stress  -  77°F 

Bending  Stress  -  40°F 

Initial  Bending  Strain 

Initial  Bending  Strain 

G  and  E  Bending  Stress  -  77°F 

Bending  Stress  -  40°F 

Initial  Bending  Strain 

Initial  Bending  Strain  -  40°F 

H  and  E  Bending  Stress  -  77°F 

Bending  Stress  -  40°F 

Initial  Bending  Strain  -  77°F 

Initial  Bending  Strain  -  40°F 


40 

0 

29 

12 

40 

53 

29 

10 

180.00 


exceeded  the  computed  F  ,  there  was  insufficient  evidence  to  reject  the 
null  hypothesis,  and  the  null  hypothesis  was  therefore  considered  to  be 
true . 

A  summary  of  the  comparisons  made  between  conventional  mixtures  and 
recycled  mixtures  is  shown  in  Table  26.  Other  pair-wise  comparisons  were 
not  made  because  these  comparisons  would  have  no  practical  significance. 

A  study  of  the  data  presented  here  and  in  Figs.  20,  21,  26,  and  27  indi¬ 
cates,  in  general,  that  Mix  B  performed  as  well  as  Mix  A  in  only  one  of 
the  four  modes  of  comparison.  The  data  shown  in  Tables  9-11  provides 
information  which  partially  explains  why  Mix  B  performed  poorly  in  com¬ 
parison  to  Mix  A.  Mix  B  was  produced  with  an  asphalt  binder  that  was 
stiffer  than  the  other  asphalt  binders  as  shown  by  the  penetration, 
ductility,  viscosity,  and  softening  point  test  results.  Stiff  mixtures 
generally  do  not  perform  as  well  as  more  flexible  mixtures  in  fatigue 
when  evaluated  as  a  function  of  strain  applied  to  the  mixture.  This  ex¬ 
plains  why  the  fatigue  test  results  showed  that  Mix  B  did  not  perform  as 
well  as  Mix  A  for  initial  bending  strain  at  40°F  and  77°F.  Generally, 
stiffer  mixtures  perform  better  when  evaluated  against  bending  stress; 
however,  in  this  case,  Mix  A  outperformed  Mix  B  at  40°F  even  though  the 
stiffness  modulus  of  Mix  B  was  slightly  higher.  There  was  no  significant 

TABLE  26. --Summary  of  Significant  Differences  Between 
Fatigue  Test  Results  of  Recycled  and  Conventional 
Mixtures  (a  =  0.01) 


Mode 

of  Comparison* 

Bending 

Bending 

Initial 

Initial 

Mixes** 

Stress 

Stress 

Bending  Strain 

Bending  Strain 

Compared 

77°F 

40°F 

77°F 

40°F 

B  and  A 

NS 

SI 

SI 

SI 

C  and  A 

SI 

SI 

NS 

NS 

D  and  E 

NS 

SI 

NS 

NS 

F  and  E 

NS 

SI 

NS 

NS 

G  and  E 

NS 

SI 

NS 

NS 

H  and  E 

SI 

SI 

NS 

SI 

*  NS  =  no 

s i gni f i cant 

difference;  SS  = 

significant  difference  in  slope; 

and  SI  = 

s  igni f i cant 

difference  in  intercept. 

Descriptions  of  Mixes  A-H  are  shown 

in  Table  8. 

difference  in  performance  based  on  bending  stress  at  77°F. 

Another  observation  that  was  made  from  Table  26  is  that,  in  general, 
Mix  H  did  not  perform  as  well  as  Mix  E.  Mix  H  contained  70  percent 
reclaimed  asphalt  pavement  in  the  recycled  mixture.  This  high  amount  of 
RAP  along  with  the  high  percentage  of  recycle  agent  used  in  Mix  H  made 
mixing  difficult,  which  partially  explains  the  poor  performance. 

One  observation  that  stands  out  more  than  any  other  is  that,  in 
every  case,  for  bending  stress  at  40°F,  the  conventional  mixtures  per¬ 
formed  better  than  the  recycled  mixtures.  This  would  seem  to  indicate 
that  the  conventional  mixtures  were  stiffer  than  the  recycled  mixtures  at 
40°F,  and  based  on  the  results  of  the  indirect  tensile  test  conducted  on 
the  asphalt  mixtures  (Table  14),  this  generally  appears  to  be  true. 

Development  of  a  Model  to  Predict  Fatigue  Performance 

The  time  and  expense  required  to  conduct  sufficient  fatigue  tests  to 
develop  a  satisfactory  model  discourages  the  development  of  a  model  for 
individual  mixtures.  For  this  reason,  a  model  that  could  use  easily  mea¬ 
sured  properties  of  an  asphalt  concrete  mixture  to  accurately  predict  the 
fatigue  resistance  of  these  mixtures  is  needed.  An  attempt  was  made  to 
analyze  the  data  obtained  during  this  study  to  develop  such  a  model. 

Maupin  (53)  has  shown  that  the  stiffness  measured  from  the  indirect 
tensile  test  is  related  to  the  fatigue  life  of  the  asphalt  concrete  mix¬ 
ture.  His  work  indicated  that  some  simple  test  such  as  the  indirect  ten¬ 
sile  test  could  be  used  to  determine  mixture  properties  and  to  estimate 
the  fatigue  life. 

Since  the  fatigue  test  consists  of  applying  a  number  of  stress  ap¬ 
plications  to  an  asphalt  concrete  mixture,  the  applied  stress  expressed 
as  a  percentage  of  the  indirect  tensile  strength  should  be1  useful  in  pre¬ 
dicting  fatigue  life.  Since  the  strain  to  failure  is  also  determined 
from  the  indirect  tensile  test,  the  mixture  strain  under  repeated  loading 
could  be  expressed  as  a  percentage  of  this  strain  at  failure  and  this 
value  used  to  predict  the  fatigue  life  of  a  mixture.  The  model  below  was 
developed  to  determine  its  capability  in  predicting  the  fatigue  life'  of 
the  mixtures  evaluated: 


y  =  A  +  BX 


(2 


where 

y  =  log  (cycles  to  failure) 

A,  B  =  constants 

X  =  log  (actual  stress/tensile  strength) 

It  was  determined  from  a  regression  analysis  of  the  data  that 

y  =  3.008  -  1.755X  (26) 

2 

The  coefficient  of  determination,  r  ,  for  this  equation  was  computed  to 
be  0.285.  In  other  words,  the  model  explained  28.5  percent  of  the  varia¬ 
bility  of  y  ,  and  is,  therefore,  not  considered  sufficiently  accurate  to 
predict  fatigue  life.  Further  study  of  the  data  indicated  that  the  pene¬ 
tration  of  the  asphalt  binder  recovered  from  the  mixtures  appeared  to  be 
related  to  the  fatigue  life.  The  model  was  expanded  to  include  a  term 
for  asphalt  penetration  as  shown  below: 

y  =  A  +  BXX  +  CX2  (27) 

where 

y  =  log  (cycles  to  failure) 

A,  B,  C  =  constants 

X^  =  log  (actual  stress/tensile  strength) 

X2  =  log  (penetration  of  asphalt  binder) 

Results  of  a  regression  analysis  of  the  data  indicated  that 

y  =  3.433  -  2.565X1  -  0.728X2  (28) 

2 

This  equation  had  an  r  of  0.422  and  the  additional  term  for  penetra¬ 
tion  was  determined  to  be  significant  based  on  the  F  statistic.  The 
above  model  can  be  used  to  predict  the  fatigue  results  for  constant 
stress;  however,  the  accuracy  is  lower  than  desired.  The  indirect  ten¬ 
sile  strength  and  asphalt  penetration  must  be  determined  at  the  tempera¬ 
ture  at  which  the  number  of  cycles  to  failure  is  desired. 

A  relationship  was  also  developed  for  fatigue  of  the  asphalt 


mixtures  as  a  function  of  initial  strain.  Initially,  the  model  was  se¬ 
lected  to  be 


y  =  A  +  BX  (29) 

where 

y  =  log  of  cycles  to  failure 
A,  B  =  constants 
X  =  log  strain 

Based  on  a  regression  analysis  of  the  data,  this  model  was  determined  to 
be 


y  =  -2.922  -  2.099X 


(30) 


2 

This  model  which  has  an  r  equal  to  0.627  is  a  better  correlation  than 
that  developed  for  stress.  Further  investigation  also  indicated  that  log 
penetration  appeared  to  be  related  to  y  .  The  model  was  expanded  to  in¬ 
clude  a  term  for  log  penetration: 


y  =  A  +  BXX  +  CX2 


(31) 


where 

y  =  log  (cycles  to  failure) 

A,  B,  C  =  constants 
X^  =  log  strain 

X2  =  log  (penetration  at  desired  temperature  of  fatigue 
results) 


A  regression  analysis  was  conducted  on  the  data  for  the  above  model  and 
the  following  results  were  obtained: 


y  =  -5.145  -  2 . 529Xj  +  0.631X2  (32) 

2 

The  r  for  this  equation  was  determined  to  be  0.750  and  the  X2  term 
was  considered  to  be  significant  based  on  the  F  statistic.  Based  on 
the  r  values,  this  model  is  considerably  better  than  the  models  shown 
in  Equations  26,  28,  and  30.  A  plot  of  the  predicted  fatigue  life  versus 
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actual  laboratory  measured  fatigue  life  is  shown  in  Fig.  35.  This  model 
allows  the  flexure  fatigue  life  of  asphalt  concrete  mixtures  to  be  simply 
determined  over  a  range  of  temperatures.  Models  were  also  developed  for 
the  prediction  of  cycles  to  failure  as  a  function  of  initial  strain  ex¬ 
pressed  as  a  percentage  of  failure  strain  and  log  penetration,  but  these 
2 

models  had  r  values  equal  to  0.546  and  0.597. 


Layered  Elastic  Analysis  of  Fatigue  Data 


The  Shell  BISAR  computer  program  was  used  to  predict  stresses  and 
strains  within  two  typical  pavement  sections  under  a  given  load  so 
the  fatigue  data  could  be  evaluated.  One  of  the  pavement  sections  con¬ 
sisted  of  a  subgrade,  subbase  course,  base  course,  and  asphalt  concrete 


FIG.  35. --Relationship  Between  Predicted  Number  of  Stress  Applica¬ 
tions  and  Actual  Number  of  Stress  Applications  to  Failure 


(four-layer  pavement),  and  the  other  pavement  section  consisted  of  full- 
depth  asphalt  concrete  placed  directly  over  the  subgrade  (two-layer 
pavement) . 

The  Corps  of  Engineers  criteria  for  airfield  design  were  used  for 
design  of  the  two  typical  pavement  sections  (30).  The  pavement  was  de¬ 
signed  for  medium-load  type  A  traffic  with  50,000  passes  of  a  design  air¬ 
craft  having  a  gross  weight  of  320  kips.  The  California  Bearing  Ratio 
(CBR)  of  the  in-place  material  (subgrade)  was  6,  subbase  material  had  a 
CBR  of  30,  and  base  course  material  had  a  CBR  of  100. 

The  pavement  design  for  the  four  layer  pavement  resulted  in  22  in. 
of  subbase  material,  7  in.  of  base  course,  and  4  in.  of  asphalt  concrete. 
The  second  design  made  use  of  equivalency  factors  (30)  to  convert  the 
thickness  of  subbase  course  and  base  course  to  an  equivalent  thickness  of 
asphalt  concrete.  It  was  determined  that  an  equivalent  section  would  re¬ 
quire  20  in.  of  asphalt  concrete  to  be  placed  over  the  subgrade. 

To  input  this  information  into  the  BISAR  program,  the  stiffness 
modulus  and  Poisson's  ratio  for  the  material  in  each  pavement  layer  had 
to  be  determined.  The  relationship 

E  =  1500  x  CBR  (33) 

was  used  for  determining  the  stiffness  modulus  of  each  of  the  unbound 
layers  (71).  The  stiffness  modulus  was  considered  to  be  independent  of 
stress  for  the  characterization  of  the  unbound  layers.  Use  of  Equa¬ 
tion  33  resulted  in  values  of  E^  =  150,000  psi  (base  course), 

E^  =  45,000  psi  (subbase  course),  and  E^  =  9,000  psi  (subgrade). 
Poisson's  ratio  was  assumed  to  be  0.35  for  each  of  the  pavement  layers. 

The  stiffness  modulus  of  each  of  the  eight  mixtures,  as  determined 
from  the  resilient  modulus,  indirect  tensile,  and  fatigue  tests,  was 
expressed  as  a  function  of  the  applied  stress  as  shown  in  Figs.  36-43. 

The  relationships  between  stiffness  modulus  and  tensile  stress  are  shown 
only  for  comparison  of  the  stiffness  modulus  measured  by  the  three 
testing  procedures  and  should  not  normally  be  used  to  predict  stiffness 
modulus  of  asphalt  concrete.  Since  a  regression  analysis  of  these  data 
would  be  misleading,  it  was  not  performed. 

The  BISAR  computer  program  used  the  E  values  and  Poisson's  ratio, 
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Tensile  Stress  for  Mix  A 
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FIG.  42. — Relationship  Between  Stiffness  Modulus  and  Applied 
Tensile  Stress  for  Mix  G 
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FIG.  43. — Relationship  Between  Stiffness  Modulus  and  Applied 
Tensile  Stress  for  Mix  H 


determined  above,  to  develop  a  model  relating  maximum  tensile  stress  and 
stiffness  modulus  for  the  two  typical  pavement  sections  (Fig.  44).  Since 
the  stiffness  modulus  for  asphalt  concrete  is  a  function  of  applied 
stress,  the  stiffness  of  the  eight  mixtures  was  selected  so  that  the  re¬ 
lationships  developed  for  each  of  the  mixtures  shown  in  Figs.  36-43  and 
that  developed  by  the  BISAR  program  (Fig.  44)  were  satisfied.  For  ex¬ 
ample,  the  steps  for  determining  stiffness  modulus  for  Mix  A  consisted  of 
assuming  a  stiffness  modulus,  determining  the  applied  stress  necessary  to 
produce  the  assumed  stiffness  modulus  (Fig.  36),  computing  the  stress  for 
the  assumed  stiffness  modulus  produced  by  the  design  load  on  the  pavement 
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4  LA  YER  PA  VEMENT- 
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COMPRESSION 


ASPHALT  CONCRETE  STIFFNESS  MODULUS.  KSI 

FIG.  44. --Relationship  Between  Maximum  Stress  in  Asphalt 
Concrete  Pavement  Layer  and  Asphalt  Concrete  Stiffness 
Modulus 


section  (Fig.  44),  comparing  stress  values  determined  by  the  two  methods 
and  modifying  the  estimated  stiffness  modulus  until  the  stress  values 
determined  by  the  two  methods  were  equal.  When  the  stress  values  ob¬ 
tained  from  Figs.  36  and  44  for  a  given  stiffness  were  the  same,  that 
stiffness  modulus  was  used  for  computation  of  stresses  and  strains  for 
fatigue  analysis.  Since  the  stresses  in  the  asphalt  concrete  layer  for 
the  two-layer  and  the  four-layer  sections  are  different,  the  stiffness 
modulus  of  the  asphalt  concrete  is  also  different.  The  resulting  stiff¬ 
ness  moduli  used  are  shown  in  Table  27. 

TABLE  27. --Asphalt  Concrete  Mixture  Stiffness  Used  to  Compute 

Stresses  and  Strains  for  Evaluating  Fatigue  Life 


Stiffness  Modulus ,  ksi 


Mix* 

Identification 


Two-Layer  Section 


Four-Layer  Section 


77°F** 


A 

B 

C 

450 

450 

200 

40 

60 

11 

6 

6 

4 

10 

10 

50 

D 

250 

25 

5 

E 

325 

28 

5 

80 

F 

280 

28 

5 

G 

210 

32 

4 

50 

v.;®* 

H 

180 

12 

4 

13 

*  Descriptions  of  Mixes  A-H  are  provided  in  Table  8. 

**  Maximum  stresses  at  the  bottom  of  the  asphalt  layer  are  compressive; 
therefore,  the  stiffness  modulus  was  arbitrarily  selected  for  a  stress 
of  10  psi. 


Plots  of  the  asphalt  concrete  stiffness  modulus  versus  the  maximum 
stress  in  the  asphalt  concrete,  maximum  strain  in  the  asphalt  concrete, 
and  maximum  compressive  stress  on  the  subgrade  are  shown  in  Figs.  44-46, 
respectively.  These  plots  were  used  to  determine  the  stresses  and 
strains  that  would  occur  at  the  bottom  of  the  asphalt  layer  and  at  the 
top  of  the  subgrade  for  various  stiffness  modulus  values  in  the  asphalt 
concrete.  The  fatigue  curves  were  then  used  to  predict  the  fatigue  life 
of  the  asphalt  concrete  for  these  computed  stresses  and  strains.  The 
results  for  the  four-layer  system  are  shown  in  Table  28. 

It  is  significant  that  at  77°F,  the  maximum  computed  radial  stresses 
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FIG.  45. — Relationship  Between  Maximum  Strain  in  Asphalt  Concrete 
Pavement  Layer  and  Asphalt  Concrete  Stiffness  Modulus 


MAXIMUM  COMPRESSIVE  STRESS  ON  SUBGRADE,  PSI 


and  strains  in  the  asphalt  concrete  for  the  four-layer  system  were  com¬ 
pressive.  This  occurs  because  the  base  course  is  stiff  in  comparison  to 
the  asphalt  concrete.  Since  the  bottom  of  the  asphalt  concrete  layer  is 
never  in  tension,  flexural  fatigue  is  not  a  problem  at  77°F.  Witczak 
observed  that  asphalt  concrete  over  stiff  underlying  layers,  such  as  a 
frozen  subgrade,  often  does  not  develop  tensile  strains  or  stresses 
during  loading  (69).  Flexural  fatigue  does  become  a  problem  at  40°F  be¬ 
cause  the  asphalt  concrete  becomes  stiff  enough  with  respect  to  the  base 
course  to  cause  tensile  stresses  and  strains  to  exist  at  the  bottom  of 
the  asphalt  concrete. 

In  general,  the  stiffer  mixtures  do  not  perform  as  well  in  fatigue 
as  the  more  flexible  mixtures  for  the  four-layer  system.  For  this  rea¬ 
son,  the  recycled  mixtures  generally  perform  as  well  as  and  in  some  cases 
better  than  the  conventional  mixtures.  For  instance,  the  predicted  load 
applications  to  failure  at  40°F  for  Mix  C  is  191,000,  compared  to  98,000 
for  Mix  A  and  64,000  repetitions  for  Mix  B.  This  occurs  because  Mixes  A 
and  B  are  stiffer  than  Mix  C.  Mixes  D,  E,  and  F,  which  have  predicted 
fatigue  lives  of  247,000,  339,000,  and  275,000,  respectively,  would  pro¬ 
vide  the  same  magnitude  of  performance.  The  fatigue  life  for  Mix  G  ex¬ 
ceeds  that  for  Mix  E,  and  the  fatigue  life  for  both  of  these  mixes  ex¬ 
ceeds  that  for  Mix  H. 

Another  important  item  in  the  design  of  a  pavement  structure  is  the 

stress  on  the  subgrade.  Analysis  of  the  results  indicates  that  stress  on 

2 

the  subgrade  ranges  from  12.1  psi  (0.85  kg/cm  )  for  Mixes  A  and  B  to  13.3 

r\ 

psi  (0.93  kg/cm  )  for  Mixes  C,  G,  and  H  at  77°F.  This  difference  in  sub¬ 
grade  stress  is  small;  hence,  the  use  of  more  flexible  mixtures  should  not 
adversely  affect  the  compressive  stress  on  top  of  the  subgrade  for  the 
typical  four-layer  system. 

Asphalt  concrete  mixtures  for  the  four-layer  pavement  should  be  de¬ 
signed  to  have  as  much  flexibility  as  possible  provided  the  mixture  has 
sufficient  internal  stability  to  support  the  design  traffic.  In  general, 
the  pavement  underneath  the  asphalt  concrete  provides  the  structural 
strength  for  the  four-layer  pavement  section,  and  the  asphalt  concrete 
is  designed  to  provide  protection  to  the  underlying  layers  from  wear  and 
the  intrusion  of  water. 

Table  29  shows  the  results  of  the  fatigue  analysis  for  computed 
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TABLE  29 . --Prediction  of  Stress  Applications  to  Failure  for  the 
Two-Layer  System  Using  the  BISAR  Program 
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Descriptions  of  Mixes  A-H  are  provided  in  Table 


stress  and  strain  for  the  two-layer  system.  These  results  indicate  that 
77°F  is  more  critical  than  40°F  for  fatigue  performance  for  most  mixes. 
Generally,  for  the  two-layer  pavement,  the  stiffer  asphalt  mixtures  per¬ 
formed  better  in  fatigue.  Mix  A  performed  better  than  Mixes  B  and  C  for 
the  analysis  of  fatigue  as  a  function  of  strain,  Mix  D  performed  better 
than  Mixes  E  and  F,  and  Mix  E  performed  better  than  Mixes  G  and  H.  The 
predicted  fatigue  life  for  most  of  the  mixtures  was  less  than  50,000 
stress  applications. 

A  change  in  asphalt  concrete  stiffness  causes  the  compressive 
stress  on  the  subgrade  to  vary  more  for  the  two-layer  pavement  than 
for  the  four-layer  system.  Fig.  46  shows  that  the  compressive  stress 
on  the  subgrade  is  less  for  the  four-layer  system  as  long  as  the  stiff¬ 
ness  of  the  asphalt  concrete  is  less  than  approximately  350,000  psi 
2 

(24,570  kg/cm  ).  In  the  case  of  the  four-layer  system,  the  stiffness 
of  the  asphalt  concrete  has  very  little  effect  on  the  stress  on  the 

subgrade;  however,  for  the  two-layer  system,  stress  on  the  subgrade 

2  2 

varies  from  40  psi  (2.81  kg/cm  )  for  E  =  10,000  psi  (702  kg/cm  )  to 
6  psi  (0.42  kg/cm^)  for  E  =  700,000  psi  (49,140  kg/cm^). 

For  the  four-layer  pavement,  the  recycled  mixtures  generally  per¬ 
formed  equal  to  or  better  than  the  conventional  mixtures.  For  the  two- 
layer  pavement,  however,  the  conventional  mixtures  generally  performed 
better  than  the  recycled  mixtures.  The  test  results  indicate  that  use  of 
proper  mix  design  techniques  to  obtain  desired  asphalt  binder  properties 
can  produce  recycled  mixtures  which  will  perform  in  a  manner  similar  to 
conventional  mixtures  for  all  pavement  sections.  For  instance,  the 
performance  of  Mix  D,  a  recycled  mixture,  was  almost  identical  to  Mix  E, 
a  conventional  mixture,  for  both  the  two-  and  four-layer  pavements. 

A  review  of  Fig.  45  indicates  that  the  tensile  strain  in  the  asphalt 

concrete  is  greater  in  the  two-layer  pavement  as  long  as  the  stiffness 

2 

modulus  is  less  than  700,000  psi  (49,140  kg/cm  ).  The  stiffness  modulus 
was  measured  during  this  study  at  40°F  and  77°F  during  the  fatigue  test 
at  a  load  frequency  of  30  cycles  per  minute,  a  load  rate  representative 
of  slow-moving  traffic  in  the  field.  The  stiffness  modulus  of  asphalt 
concrete  for  fast-moving  traffic  would  be  greater  than  that  measured  in 
this  study.  Based  on  the  design  example  used  here,  deep-strength  asphalt 
concrete  would  perform  satisfactorily  if  the  stiffness  modulus  were 
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sufficiently  high  to  prevent  excessive  stresses  on  the  subgrade  and  to 
minimize  the  tensile  strain  in  the  asphalt  mixture.  Thin  asphalt  sec¬ 
tions  would  have  better  fatigue  performance  at  low  values  of  stiffness 
modulus  which  occur  at  high  temperatures  or  low  rates  of  speed.  From  the 
standpoint  of  fatigue,  the  four-layer  pavement  would  perform  better  than 

the  two-layer  system  for  a  stiffness  modulus  less  than  700,000  psi 
2 

(49,140  kg/ cm  )  and  equal  to  the  two-layer  system  for  a  stiffness  modulus 
greater  than  700,000  psi  (49,140  kg/cm^). 

The  results  of  this  study  indicate  that  fatigue  of  thick  sections  of 
asphalt  concrete  mixtures  generally  occurs  in  warmer  weather,  while  fa¬ 
tigue  of  asphalt  concrete  in  thin  sections  generally  occurs  in  cooler 
weather.  The  work  reported  by  Freeme  and  Marais  showed  these  same  con¬ 
clusions  (38).  Properties  of  the  asphalt  binder  in  the  recycled  mixture 
should  be  selected  for  a  particular  use  so  that  the  fatigue  performance 
is  optimized. 


PART  VII:  CONCLUSIONS 


This  research  was  conducted  to  evaluate  the  laboratory  properties  of 
recycled-asphalt  concrete  hot  mix  and  to  compare  these  properties  with 
those  of  conventional  asphalt-concrete  mixtures.  The  data  obtained  from 
this  laboratory  testing  program  were  extended  by  use  of  the  BISAR  com¬ 
puter  program  to  predict  fatigue  resistance  of  recycled  mixtures  and  con¬ 
ventional  mixtures  for  two  typical  pavement  sections.  The  results  of 
this  work  led  to  the  following  conclusions: 

1.  Recycled  mixtures  performed  better  than  conventional  mixtures  in 
fatigue  when  analyzed  for  a  thin  layer  of  asphalt  concrete  placed  over  a 
base  course;  however,  the  conventional  mixtures  performed  better  than  the 
recycled  mixtures  when  the  data  were  analyzed  for  thick  layers  such  as 
full-depth  asphalt  concrete. 

2.  Recycled  asphalt  concrete  mixtures  prepared  with  low-viscosity 
asphalt  cement  were  more  durable  than  conventional  mixtures;  however,  re¬ 
cycled  mixtures  prepared  with  the  recycling  agent  were  less  durable  than 
conventional  mixtures.  These  mixtures  containing  the  asphalt  binders 
which  experienced  the  smallest  weight  loss  and  change  in  physical  proper¬ 
ties  during  artificial  aging  were  considered  to  be  the  most  durable 
mixtures . 

3.  Based  on  the  PVN  of  the  recovered  asphalt  binder,  recycled  mix¬ 
tures  prepared  with  the  recyling  agent  were  more  susceptible  to  changes 
in  temperature  than  recycled  mixtures  prepared  with  low-viscosity  asphalt 
cement  or  conventional  mixtures.  Hence,  the  mixtures  containing  the  re¬ 
cyling  agent  evaluated  in  this  laboratory  study  would  have  a  greater  ten¬ 
dency  to  crack  at  lower  temperatures  than  the  recycled  mixtures  prepared 
with  low-viscosity  asphalt  cement  or  the  conventional  mixtures. 

4.  The  performance  of  mixtures,  after  water-conditioning,  was  shown 
to  be  more  related  to  the  aggregate  type  than  type  of  mixture;  however, 
the  recycled  mixtures  prepared  with  the  recycling  agent  performed  better 
than  the  other  mixtures  when  the  water-sensitive  aggregate  was  used. 

5.  Fatigue  of  asphalt  mixtures  can  be  estimated  from  the  initial 
tensile  strain  produced  by  the  load  applied  to  the  mixture  and  the  as¬ 
phalt  penetration  at  the  desired  temperature.  The  model  developed  in 
this  study  does  not  take  the  place  of  laboratory  flexural  fatigue  tests, 


but  it  can  be  used  in  the  absence  of  these  tests  to  predict  fatigue  life. 

6.  Mixture  design  of  recycled-asphalt  concrete  mixtures  must  be 
carefully  performed  to  ensure  satisfactory  performance  of  the  recycled 
mixture.  The  mix  design  for  recycled  mixtures  is  more  critical  than  that 
for  conventional  mixtures  because  the  mix-design  procedures  not  only  de¬ 
termine  the  optimum  asphalt  content,  but  also  indirectly  determine  the 
asphalt  binder  properties.  Because  the  asphalt  properties  of  the  re¬ 
cycled  and  conventional  mixtures  change  at  different  rates,  tests  on  the 
recovered  asphalt  binder  must  be  conducted  to  ensure  that  satisfactory 
asphalt  binder  properties  are  obtained  in  the  produced  mixture. 
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PART  VIII:  RECOMMENDATIONS 


Prior  to  this  study,  little  laboratory  work  had  been  performed  to 
determine  and  compare  the  properties  of  recycled  and  conventional  mix¬ 
tures  and  to  extrapolate  these  data  to  predict  field  performance.  This 
study  has  provided  some  insight  into  the  expected  field  performance  of 
recycled-asphalt  mixtures  as  stated  in  the  conclusions  and  has  identi¬ 
fied  areas  where  further  work  is  needed.  Based  on  this  study,  the  fol¬ 
lowing  recommendations  are  made: 

1.  Further  work  needs  to  be  performed  to  develop  procedures  for 
evaluating  recycling  agents.  Work  concerning  the  durability  and  low 
temperature  properties  of  recycled  mixtures  containing  recycling  agents 
should  be  performed  to  determine  the  effect  of  various  types  of  recycling 
agents  on  the  performance  of  recycled  mixtures. 

2.  The  constant-stress  fatigue  test,  which  has  been  shown  to  be 
more  applicable  to  thick  layers  (greater  than  6  inches)  of  asphalt  con¬ 
crete,  was  used  to  measure  the  flexural  fatigue  resistance  of  the  asphalt 
mixtures  for  this  study.  Additional  work  should  be  performed  to  measure 
the  fatigue  resistance  of  recycled  mixtures  using  the  constant-strain 
mode  of  loading,  which  is  more  applicable  to  thin  sections  (less  than 

2  inches). 

3.  Additional  work  should  be  directed  toward  improved  mix  design 
procedures  for  recycled  mixtures,  and  specific  guidance  should  be  de¬ 
veloped  concerning  the  desired  properties  of  the  combined  asphalt  binder. 

4.  Based  on  the  results  of  this  study,  the  use  of  a  recycling  agent 
in  a  recycled  mixture  should  be  minimized.  A  low-viscosity  asphalt  ce¬ 
ment  should  be  used  as  the  binder  in  a  recycled  mixture  when  the 
properties  of  the  existing  binder  can  be  properly  modified  with  this 
material.  When  a  recycling  agent  must  be  used  to  properly  modify  the 
existing  asphalt  binder,  the  amount  used  should  be  minimized  by  using  a 
low-viscosity  asphalt  cement  in  combination  with  the  recycling  agent  or 
by  reducing  the  amount  of  RAP  used  in  the  mixture. 

5.  There  is  a  need  for  a  detailed  testing  program  to  evaluate  the 
performance  of  existing  recycled-asphalt  concrete  pavements.  This  evalu¬ 
ation  should  include  the  type  of  materials  used  in  the  mixture,  such  as 
recycling  agent  or  low-viscosity  asphalt  cement,  amount  of  RAP  used  in 


mixture,  and  other  pertinent  information.  The  performance  could  then  be 
related  to  the  type  of  materials  or  construction  techniques  used,  and 
improvements  in  these  areas  could  be  made  where  needed. 
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APPENDIX  A:  DATA  FROM  FATIGUE  TESTS 


Mixture  Temperature,  °F 


Stress 
si 


Initial 

Strain 

Inches/Ineh 

Stiffness 

Modulus 

psi 

Cycles 

to 

Failure 

0.00071 

32,535 

13,876 

0.00029 

61,379 

177,400 

0.00038 

52,105 

130,445 

0.00042 

54,524 

30,951 

0.00143 

37,273 

27,834 

1,178 

0.00217 

496 

0.00135 

32,593 

1,806 

0.00067 

47,164 

11,862 

0.00030 

73,333 

79,742 

0.00089 

42,472 

6,101 

0.00062 

300,968 

3,265 

0.00043 

413,488 

3,345 

0.00043 

441,860 

6,302 

0.00038 

432,632 

13,917 

0.00014 

762,143 

175,483 

0.00019 

701,579 

41,971 

0.00043 

343,721 

29,870 

0.00029 

536,207 

26,205 

0.00047 

406,596 

8,094 

0.00113 

180,885 

755 

0.00038 

268,947 

107,605 

0.00054 

75,740 

820 

0.00018 

118,333 

113,677 

0.00042 

84,761 

9,150 

0.00030 

106,667 

17,272 

0.00030 

89,000 

33,725 

0.00024 

103,750 

80,085 

0.00047 

83,191 

8,068 

0.00047 

87,021 

6,286 

0.00036 

91,389 

10,340 

0.00097 

45,773 

1,058 

0.00066 

60,606 

2,911 

0.00019 

561,579 

60,566 

0.00034 

444,412 

15,820 

0.00024 

537,083 

635,000 

32,739 

0.00014 

202,312 

77,462 

0.00015 

652,000 

0.00015 

607,333 

145,131 

0.00043 

403,023 

2,266 

0.00047 

401,915 

551,724 

953 

0.00029 

6,579 

0.00047 

359,362 

1,090 

0.00035 

401,143 

761 

Mixture  Temperature,  °F 


Stress 
si 


i 


Initial 

Strain 

Inches/Inch 


Stiffness 
Modulus 
si 


0.00094 

9,500 

0.00048 

11,000 

0.00047 

15,100 

0.00075 

13,100 

0.00283 

4,100 

0.00208 

5,100 

0.00053 

15,800 

0.00047 

16,200 

0.00054 

18,900 

0.00159 

7,000 

0.00033 

336,700 

0.00019 

397,400 

0.00078 

165,300 

0.00017 

251,200 

0.00033 

296,400 

0.00072 

166,700 

0.00025 

312,800 

0.00019 

290,000 

0.00037 

213,800 

0.00033 

203,300 

0.00635 

9,449 

0.00280 

14,929 

0.00081 

26,914 

0.00058 

30,690 

0.00101 

26,436 

0.00040 

40,000 

0.00034 

36,471 

0.00066 

29,697 

0.00048 

39,792 

0.00208 

16,971 

0.00192 

17,344 

0.00070 

219,000 

0.00047 

274,255 

0.00031 

344,194 

0.00030 

296,333 

0.00048 

245,417 

0.00017 

392,353 

0.00106 

163,491 

0.00029 

0.00037 

275,862 

306,216 

0.00093 

176,774 

0.00042 

336,429 

Cycles 

to 

Failure 


4,3 

48.7 
137,050 

27.7 


14.259 


